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INTRODUCTION

The pulse radiolysis of aqueous solutions of heme proteins has proved
to be a useful method for the optical detection of electron transfer reactions and spin-state transitions of the iron atom. In contrast to the
transient kinetics observed spectrophotometrically with a stopped flow
apparatus, the pulse radiolysis technique enables us to study molecular
processes close to or even beyond the diffusion controlled reaction
limit. Thus this method may be valuable for detecting new electronic
states of the heme group after electron transfer processes that involve
internal or external ligands of the protein. Because in the pulse radiolysis of aqueous solutions several reactive species are produced (hydrated electrons, hydrogen and hydroxyl radicals) scavengers are added
to convert all the radicals except one. The hydrated electron has many
advantages over other radicals. Since it possesses a broad asymmetric
absorption spectrum in the near infrared region, it can be detected
optically without much interference from absorbance changes of the protein. It reacts in rather a special way with heme proteins, i.e. it
causes few concurrent or consecutive reactions. Moreover, the reduction
of heme proteins by hydrated electrons is a rapid reaction and therefore
very suitable for producing non-equilibrium conformation of the proteinstructure .
In an attempt to elucidate the electron transport mechanism of mitochondrial heme proteins Karel van Buuren of the B.C.P. Jansen Instituut
of the G.U. Amsterdam and Jaap Wilting of our department used the pulse
radiolysis technique. They started by measuring the reaction of ferricytochrome a with hydrated electrons as a function of the proton activity [ 1 ]. At low reduction degrees of ferricytochrome a this reaction
behaves as a pseudo first order reaction with a rate constant that increases as the proton activity increases. This pH-effect has

been

ascribed to the protonation of the hystidyl-residues residing on the
outside of the protein-structure. These residues give rise to a larger
coulomb interaction between the hydrated electron and the cytochrome
molecule. A characteristic value for the second order >'ate constant of
the reduction reaction at neutral pH and low ionic strength is of the
order of 100 mM"1 IJS"1. This means that the actual reduction process,
which coincides with the disappearance of the absorbance of the hydrated
electrons, lasts only a few microseconds in the micromolar concentration
range of cytochrome e. Next the electron transfer reaction between cytochrome o and cytochrome o oxidase has been studied [2]. These experiments are very interesting as they provide a means to determine the
function of the protein-protein interaction in the oxidation-reduction
mechanism. A biphasic electron transfer reaction in the cytochrome coxidase complex has been observed with rate constants ranging from
1 ms" 1 to 1 s"1. The role of free and bound cytochrome a in this terminal oxidase system is now under investigation.
To extend these studies to hemoglobin and myoglobin a different way
cf applying the pulse radiolysis technique is necessary. Both heme proteins participate in hardly any oxidation-reduction reaction under
physiological conditions, instead they reversibly bind the oxygen needed
in the oxidative phosphorylation to convert ADP into ATP in the mitochondria. In particular in the cooperative interaction between the two
a- and 3-subunits of hemoglobin there are several unknown aspects which
need investigation, e.g. the intrinsic on-rate and off-rate constants of
the subunits will have to be determined [3]. The main problems are the
determination of the velocity of the quaternary conformational change
(R- to T-transition) of hemoglobin and of the amount of inequivalence
of the subunits [4]. The latter effect produces a small negative contribution together with the large positive cooperativity of the two
quaternary states.
In order to obtain more insight into the specific difficulties that
are encountered in the pulse radiolysis of oxygenated solutions of methemoglobin and metmyoglobin, an elaborate study was made of the reduc-

tion processes of these heme proteins with hydrated electrons f5].
These experiments which eventually led to the first observation of a
new nonequilibrium state of hemoglobin were performed by Simon H. de
Bruin, Lambert H.M. Janssen and Harry 3. Rollema of the department of
Biophysical Chemistry of the Katholieke universiteit Nijmegen and Jaap
Wilting and Adriaan Raap of the department of Molecular Biophysics of
the Rijksuniversiteit Utrecht. The first interpretation of thie surprisingly rapid relaxation process as an R- to ?-transition proved to
be premature. Afterwards it appeared from the experiments in which we
studied the binding of carbon monoxide [6] and oxygen [7] to partially
reduced methemoglobin that the reduction of a single heme group in methemoglobin does not alter the quaternary conformation of the proteinstructure .
It was at this point in our collaboration with the Nijmegen-group
that a new phase in our experiments began. More sophisticated methods
were introduced to enable us to distinguish between tertiary and
quaternary manifestations of the hemoglobin conformation arising'from
the ligand exchange reactions. Modifications of methemoglobin were considered as wîll as the more important valency hybrids. These are reconstituted hemoglobin tetramers with one type of subunit in the oxidized and the other in the reduced form of the heme group. Both hybrids
enabled us to observe the binding of carbon monoxide to two real intermediates of the half-ligated state for the first time under well defined conditions [8]. Unfortunately, these experiments could not be extended to a study of the binding of oxygen to fully reduced valency
hybrids because of complications connected with the high irradiation
dose needed to obtain a sufficient degree of reduction. This inevitably
leads to oxidation of the oxy heme groups as well as deoxygenation.
The apparent discrepancy in the determination of the quaternary
structure of partially reduced methemoglobin presented in [5] and [6],
was removed as a result of an accurate measurenent of the absorption
spectra of the intermediate and final species. These spectra revealed a
hemochrome non-equilibrium conformation immediately after the reduction

of the ferric heme group which subsequently decayed into a deoxy heme
group in the quaternary fl-state [9]. The latter process is accompanied
by a spin-state transition of the ferrous heme group. Our transient
hemochrome state is very similar to the state observed by Blumenfeld
et al. [10] after y-irradiation of methemoglobin in water-ethylene
glycol solutions at liquid nitrogen temperature where the heraochrome
state was stable. The observation of this intermediate state of the
heme group to which the distal histidine has probably been liganded can
explain the rapid i?-to-7 transition from an activated relaxed conformation as postulated by Rollema et al. [8]. Finally the observed increase
in the decay of the spin-state transition due to proton and inorganic
phosphates [11] suggested that organic phosphates considerably enhance
the relaxation of the hemochrome conformation. This means that the unobserved spin-state transition following the partial reduction of methemoglobin in the presence of inositol hexaphosphate may be more rapid
than the actual reduction process.
All the above experiments with the hemochrome species were performed
on the newly designed kinetic spectrophotometer shown on the cover. It
has a much better stability than the older optical detection systems in
which long light paths were used from the generator hall into the control room. In addition the connection of a digital processing
oscilloscope equipped with a minicomputer largely decreased the timeconsuming evaluation of the absorption transient signals and the determination of the kinetic parameters. Moreover, the analysis of multiexponential time courses by means of Provencher's eigenfunction expansion method [12, 13] greatly increased the reliability of our investigations. This is particularly crue for the determination of the
small heterogeneity of the a- and 3-subunits of hemoglobin.
Apart from the reports of Clement et al. [14] and Ilan et al. [15]
no other groups have applied the pulse radiolysis technique for the
purpose of studying ligand exchange reactions in hemoglobin and myoglobin. Recently, however, a large group in Moscow also started a systematic study of nonequilibrium conformations after the reduction of

several heme proteins by hydrated electrons using the pulse-radiolysis
method [16-18]. The participation of nonequilibrium conformation in the
oxidation-reduction and the oxygénation réactions of heme proteins has
been recognized only very recently as a fundamental property of the
high reactivity of the active sites of these proteins. These molecular
aspects of the protein-structure have been studied theoretically by
L.A. Blumenfeld and D.S. Chernavskii [19]. Therefore, we expect that a
further analysis of the transient states in modified and mutant hemoglobins and myoglobins by pulse radiolysis will provide further valuable
information about the structure-function relationship of the heme proteins in the future.

Most of the articles of this thesis have already been published in
well-known biochemical and biophysical periodicals: Biochemical and
Biophysical Research Communications [6]; FEBS Letters [9] and European
Journal of Biochemistry [7, 8, 11]. In addition many of these results
have been presented in poster sessions at international congresses: the
Vth International Biophysics Congress (Copenhagen, 1975) [20]; the Xth
International Congress of Biochemistry (Hamburg, 1976} [21] and the Xth
FEBS Meeting (Copenhagen, 1977) [22].
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SUMMARY: The pulse radiolysis technique has been used to study the kinetics of the CO binding to partially reduced methemoglobin. Experiments
with norse heart metmyoglobin show that this technique gives results
which are in good agreement with those obtained by other methods. The
kinetics of the CO binding to partially reduced methemoglobin show two
phases, whose amplitudes appear to depend on the degree of reduction in
such a way that they can be attributed to methemoglobin molecules with
one or two reduced heme groups. In the presence of inositol hexaphosphate the rate of CO binding to partially reduced methemoglobin decreases strongly. With inositol hexaphosphate a slight biphasic behavior
is observed independent of the degree of reduction.

INTRODUCTION
Until now the kinetics of the binding of CO to hemoglobin have been
studied by rapidly mixing deoxyhemoglobin with CO or by following the
CO recombination after removal of the ligand by flash photolysis [I].
A new approach to the CO binding kinetics of hemoglobin is offered by
the pulse radiolysis technique. Using this technique a methemoglobin

Abbreviations used: e

, hydrated electron; IHP, inositol hexaphosphate;
aq
bis-tris, 2,2'-bis(hydroxymethyl)-2r2I,2"-nitrilotriethanol; CO, carbon
monoxide.

solution is irradiated with a short pulse of high energy electrons. The
irradiation mainly results in the formation of hydrated electrons, OH
and H radicals. Of these primary radicals OH and H can be removed by an
appropriate scavenger. The hydrated electrons reduce metheraoglobin
within a few microseconds. Two secondary processes which are complete
in about 500 ps are observed after reduction [2]. When the reduction is
carrir-i out in the presence of CO, the kinetics of the CO binding to the
reduced heme groups can be followed.
Partial reduction of methemoglobin by hydrated electrons produces a
number of intermediates, the concentrations of which can be calculated
assuming that e

ag

reacts randomly with the ferric heme groups,

An other aspect in the investigation of the kinetics observed for the
CO binding to partially reduced methemoglobin is in that the quaternary
structure of methemoglobin can be altered by addition of IHP [3].
EXPERIMENTAL
Materials
Human hemoglobin was isolated according to Drabkin [4]. After

ex-

tensive dialysis against destilled water the hemoglobin solutions were
freed from organic phosphates by passage through a mixed bed ion-exchange column (Amberlite IRA 400 and IR 120). Methemoglobin was prepared by adding 50% excess of K,Fe(CN) g to a solution of oxyhemoglobin.
The excess of K^Fe(CN)

was removed on a G-25 Sephadex column or by

dialysis, followed by passage through a mixed bed ion exchange column.
Horse heart metmyoglobin (Sigma) was used without further purification .

Pulse vadiolysis
The irradiation was achieved by a 2 MV Van de Graaff accelerator
(High Voltage Engineering Europe), using pulse lengths

of 0.5 or 5 ps

with a maximum current of 1 A. To ensure homogeneous irradiation of the
sample a cell with dimensions of 9 * 5 x 1 mm (optical pathway 9 mm.

electron pathway 1 mm) was used. The optical detection system consisted
of a xenon arc (XBO 450 W/l, Osram), two Bausch and Lomb grating monochromators (1350 grooves/mm) and a RCA 1P28 photomultiplier; one monochromator was placed between the light source and the cell, the other
one between the cell and the detector. The photomultiplier signal was
recorded by means of a 7904 Tektronix oscilloscope.
To avoid denaturation of the protein during the removal of oxygen
from the solutions the following procedure was used. The buffers wera
freed from oxygen by passing pure argon through the solutions for 1 h.
A concentrated protein solution was deoxygenated in a rotating tonometer
by passing argon over it for 15 minutes. A known volume of the concentrated protein solution was transferred anaerobically to the buffer solution. The protein solution was subsequently equilibrated with a
mixture of argon and CO. During the experiments a constant flow of this
gas mixture was passed over the solution. The mixture was obtained from
a gas mixing pump (Wõsthoff M300/a-F). The concentration of carbon
monoxide in the solutions was calculated using a solubility coefficient
of 1.36 pM/mm Hg [1]. The concentrations of methemoglobin and metmyoglobin were determined spectrophotometrically. The protein concentrations
are given on heme basis.
Static difference spectra were recorded on a Cary 118 spectrophotometer.
As radical scavenger methanol was added up to a concentration of
0.1 M. All kinetic experiments were carried out at room temperature
(22 ± 1 C ) . Pseudo-first order conditions were satisfied in all experiments .
In cases where a biphasic behavior for the CO binding kinetics was
observed, the data were analyzed according to the equation:
F(t) = a exp(- kjcojt) + (1 - a)exp(- k2[CO]t)
where F ( t ) = ( A

- A ) / ( A - A _ ) ; A , A and A_ being the absorbances
o°
t
°°
0
°° t
0
at the end of the reaction, at time t and at the beginning of the reaction respectively; k. and k_ the CO binding rate constants; a the
fractional contribution of the fast phase to the change in absorbance.
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RESULTS AND DISCUSSION
It has been shown before that ferrous hemoglobin obtained by reduction of methemoglobin by means of e

shows the same functional properaq

ties as normal hemoglobin [2]. The finding that irradiation does not
influence the functional properties of the protein is supported by the
kinetics observed for the CO binding to horse heart deoxymyoglobin,
produced by the reaction of e
with metmyoglobin. The first order plot
aq
shown in Figure 1 demonstrates clearly that the CO binding follows
pseudo-first order kinetics with a rate constant of (4.5 ± 0.5) x 10 5
M~* s

. This value is in good agreement with t.ae results obtained with

stopped flow and flash photolysis experiments [5].
In HtlFig. 1.
First order plots for the reaction
of CO with myoglobin followed at
435 (o) and 450 (•) nm, after the
reduction of metinyoglobin by hydrated electrons. 10 yM metsnyoglobin, degree of reduction 0.40;
155 m CO; 5 mM bis-tris, pH 7.0;
0.1 M methanol; 22°C.
-3.0
10

20

30

t(ms)

T h e kinetic difference spectrum for the C O binding t o reduced heme
groups of human methemoglobin i s shown in Figure 2 together with t h e
static difference spectrum o f carboxy a n d deoxyhemoglobin. T h e figure
shows that n o significant differences a r e observed.
0.6**
Fig. 2.
Kinetic difference spectrum for the re- ".3
action of partially reduced methemoglobin
with CO (o). Static difference spectrum
0
between deoxy and carboxy hemoglobin (•);
20 jiM methemoglobin, degree of reduction -0.3
0.34; 25 mM bis-tris, pH 7.0; 0.1 M
methanol; 22°C.
-0.6
420

440

450
Mnml
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The kinetics o f the CO binding to partially reduced methemoglobin
are strongly dependent on the degree o f reduction. Figure 3 shows the
first order plot for the binding o f C O to hemoglobin a t two degrees of
reduction. A t a low degree o f reduction, i.e. under conditions where
the predominant reaction product i s a methemoglobin molecule with one
reduced heme group, C O binding is monophasic and fast with a rate c o n stant of (7 ± 1) x 1 0 6 M - 1 S " 1 . Assuming the e
reacts a t random w i t h
aq
the heme groups o f methemoglobin this result indicates the absence o f
chain heterogeneity with respect t o the C O binding. Furthermore, the
fast C O binding suggests that a methemoglobin molecule with o n e reduced
heme group is in the R state o r the R

to T transition i s too slow t o

interfere with the C O binding. This conclusion is n o t in agreement with
an earlier report [2] where the faster o f the secondary processes
following the reduction of raethemoglobin b y e
h a s been assigned to a
aq
change in quaternary structure. Recently (unpublished results) this
process has been observed under solvent conditions (in 2 M KC1) where
methemoglobin is largely dissociated into di mers [ 6 ] , invalidating the
assignment mentioned above.
InRt)

Fig. 3.
First order plots for the reaction o f
CO with partially reduced methemoglobin at a degree o f reduction o f 0.01
(•) and 0.08 ( o ) . 100 yH methemoglobin;
143 liM C O ; 25 m M bis-tris, p H 7.0; 0.1
M methanol; 22°C.
-3.0

10 ., . 15
t(ms)
At higher degrees of reduction where the concentration of molecules
with two reduced heme groups becomes significant, a slower phase in the
CO binding is observed. In this case the first order plot can be fitted
using two exponentials with k. = ( 7 ± 1) x 1 0 6 M ~ 1 s"1 and
12

k 2 = (3 ± 0.5) x io 5 M" 1 s"1.
The values for the rate constants are within the experimental accuracy independent of the degree of reduction, CO concentration and protein
concentration and agree rather well with values observed for fast and
slow reacting forms of hemoglobin [1].
In Figure 4 the fractional contribution of the slow phase to the
change in absorbance is shown as a function of the degree of reduction.

0.30

0.20

0.10

0

0.05

0.10
0.15
degree of reduction

Fig. 4.
Fraction slow reacting material found
in the reaction of CO with partially
reduced methemoglobin as a function of
the degree of reduction. The solid line
is a theoretical curve representingthe
fractional contribution of molecules
with two reduced heme groups to the
change in absorbance. The curve has
been calculated assuming that the reduction proceeds at random and that the
dissociation constant for methemoglobin
has a value of 1 pM. 100 pM methemoglobin; 25 mH bis-tris, pH 7.0; 0.1 M
methanol; 22 C.

The line in Figure 4 gives the contribution to the change in absorbance
of molecules with two reduced heme groups calculated under the assumption that the reduction of the ferric heme groups by e~ proceeds at
aq
random and that the dissociation constant for the tetramer-dimer equilibrium for methemoglobin has a value of 1 yM. It can be seen that the
experimental points are in reasonable agreement with the calculated
curve. This strongly suggests that a hemoglobin tetramer with two ferrous
and two ferric heme groups has the T quaternary structure and that under
the experimental conditions used the R to T transition for this intermediate is too fast to interfere with the CO binding. This finding is
in contrast with the results of Cassoly and Gibson [7] who did not find
fast exchange between a slow and fast reacting species observed in the
reaction of CO with cyanomet hybrids.

13

In Fit)

Fig. 5.
First order plots for the reaction of
CO with partially reduced methemoglobin
in the presence of 1 mM IHP: 100 yM
methemoglobin, 143 yM CO, degree of
reduction 0.02 (•) and 0.07 (o); 100 yM
hemoglobin, 450 MM CO, degree of reduction 0.14 (A); 25 mM bis-tris, pH 7.O.O.I M methanol, 22°C.

50

100

150
200
Mms)

Figure 5 shows the effect of the presence of 1 mM IHP on the CO
binding kinetics. A slow biphasic CO binding is observed independent of
the degree of reduction. The first order plots can be fitted using two
exponentials: k. = (4.2 ±1.8) x 10 5 M " 1 S" 1 and k

= (1.2 ± 0.3) x io 5

M" 1 s *. The contribution from each phase is approximately 50% (a =
0.47 ± 0.08). This equality in amplitude of the two phases suggests IHP
Induced chain heterogeneity as a possible explanation. The fact that in
the presence of IHP the CO binding characteristics do not show any dependence on the degree of reduction indicates that as far as the kinetics of the CO binding are concerned methemoglobin tetramers with one or
two reduced heme groups are in the same conformational state.
The rate constants found for the two phases differ slightly from
those observed for deoxyhemoglobin in the presence of IHP [8]. This
difference is in accordance with the results of Henslt-y et al. [9, 10],
who have observed differences in T structure between deoxyhemoglobin and
methemoglobin in the presence of IHP.
In the presence of IHP no influence is found of the protein concentration on thfi CO binding kinetics. This is in agreement with the fact
that in the presence of IHP the dissociation of methemoglobin into
dimers is greatly suppressed [11, 12].
In conclusion we can say that the pulse radiolysis technique offers
a new versatile method for studying ligand binding kinetics to hemoglobin
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with submillisecond time resolution. Preliminary experiments have shown
that this method is also applicable to the study of oxygen binding
kinetics to partially reduced methemoglobin.
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SUMMARY: The pulse-radiolysis technique has been introduced because it
permits a rapid reduction (in a few microseconds) of one heme group of
the methemoglobin tetramer by hydrated electrons. The kinetics of the
binding of oxygen to this particular valence intermediate (Hb ) with
one reduced a- or (3-subunit has been studied. It appears that the
hydrated electrons preferentially reduce one type of subunit of methemoglobin at acid and neutral pH-values as is shown by the biphasic
behaviour of Hb 3 + on oxygénation. The second order on-rate constants
measurtîd for the binding of oxygen to H b 3 + are 14 ± 3 mM"1 ms" 1 and
=-1 , respectively. The relative contribution of the faster
'A-I1 ms~
56 ± 9 mM"
fraction is about 0.63 ± 0.08 of the total oxygénation process.
A comparison of the kinetic absorbance difference spectrum for the
reduction of methemoglobin with the static difference spectrum of deoxy- and methemoglobin in the Soret-region revealed a decreased absorbance of the unliganded subunit of Hb 3 + at 430 nm. This fact suggests
that H b 3 + is in the relaxed quaternary conformation, which is in
agreement with the observed on-rate constants.

Abbreviations used: MetHb, methemoglobin; Hb4"1", H b 3 + , H b 2 + , Hb + : the
superscripts refer to the number of oxidized subunits of the hemoglobin
tetramer; Hb, deoxyhemoglobin; Hb*, rapidly reacting hemoglobin (/?-state);
HbO_, oxyhemoglobin; P„-glycerate, 2,3-biphosphoglycerate,- Ins-P. , inositol hexaphosphate; MeOH, methanol; bis-tris, 2,2-bis(hydroxymethyl)2,2',2"-nitrilotriethanol.
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INTRODUCTION
The intrinsic association and on-rate constants for the successive
binding of oxygen to hemoglobin tetramers increase at each ligation
step. This property of the hemoglobin molecule leads to the well-known
sigmoid shape of the saturation curve for oxygen binding, indicating a
positive mode of interaction between the subunits of the hemoglobin
tetramer [1, 2]. Monod et al. [3] proposed that the existence of a low
affinity state for unliganded hemoglobin (T-state) and for a high affinity state of liganded hemoglobin (S-state) can explain the positive mode
of interaction. These two states of the HWC-model correspond to the
fully liganded and unliganded X-ray structures observed by Perutz et ál.

[4].
Recently it has been suggested by several investigators [5-8] that
the cooperative interactions of hemoglobin are not determined exclusively by the two quaternary conformations. The observed differences in the
ligation and the redox reaction properties of the a- and 3-subunits indicate that the predominance of one type of subunit may introduce an
apparent slight negative cooperativity into the hemoglobin tetramer. It
is evident that the non-equivalence of the subunits will be observed
most favourably when the hemoglobin molecules are in the same quaternary
conformation. The purpose of this paper is to establish the contribution
of the a-3 chain heterogeneity to the partial reduction of inethemoglobin
to H b 3 + and the kinetics of oxygen binding to this species.
It is more difficult to determine the intrinsic reaction rate constants for the combination of oxygen with hemoglobin than for carbon
monoxide to hemoglobin. This is mainly due to the fact that the intrinsic on-rate constants for the oxygénation of the subunits are at least
one order of magnitude larger than those for the binding of carbon
monoxide. High concentrations of oxygen are needed so that the large
off-rate constants for the dissociation of oxygen can be neglected with
respect to the pseudo-first order on-rate constants. The time-resolution
of the conventional stopped-flow technique is not large enough to detect
the combination of oxygen to hemoglobin under these conditions [9].
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The use of flash-photolysis to dissociate oxygen from oxyhemoglobin is
severely restricted by the low quantum efficiency of oxyhemoglobin for
photolysis. Hence, the subsequent recombination kinetics of these hemoglobin solutions has been performed for partial photolysis levels only
[10]. Gibson reported, in connection with flash-photolysis experiments
on carboxyhemoglobin in the presence of oxygen, that the fondation of
oxyhemoglobin proceeds with a second order rate constant of 30 mM

ms

[11]. This on-rate constant is considered to be characteristic for the
binding of the last oxygen molecule to the heme group of the hemoglobin
tetramer in the /?-state. The unliganded subunit of the rapidly reacting
conformation of hemoglobin Hb

exhibits a modified Soret absorption

spectrum [12, 13], leading to a lower absorption maximum.
In this report we studied the kinetics of the ligation of hemoglobin
using the pulse-radiolysis method. We have previously introduced this
method to study the binding of carbon monoxide to partially reduced methemoglobin [14] and valence hybrids [15]. In pulse-radiolysis a submicrosecond pulse of high energy electrons generates a quantity of hydrated electrons in aqueous solutions wnich reduce methemoglobin in a
few microseconds [16, 17]. The time required for this reduction process
is fast compared to that needed for the subsequent ligation of oxygen
to the reduced heme groups. The time-resolution of the experiments using
pulse-radiolysis is therefore comparable to the time-resolution of flashphotolysis. In pulse-radiolysis methemoglobin is used as starting material whereas in flash-photolysis carboxy- or oxyhemoglobin is used.

MATERIALS AND METHODS

Preparation of Methemoglobin
Human hemoglobin was isolated according to the toluene method of
Drabkin [18]. To remove the toluene and salts from the hemoglobin the
solution was repeatedly dialyzed against distilled water. We removed
the organic phosphates bound to the oxyhemoglobin [19] by passing the
solution through a mixed bed ion-exchange column (Amberlite, IRA 400
and IR 120). We oxidized the hemoglobin by adding a 1.5-fold excess of
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potassium ferricyanide to oxyhemoglobin. The excess of ferricyanide
anions was removed through a G-25 Sephadex column. The collected methemoglobin solution was then passed over another mixed bed-exchange
solumn to remove completely the ferrocyanide anions [20]. We determined
the methemoglobin concentration spectrophotometrically at 540 nm after
540
addition of potassium cyanide, using an absorption coefficient E
11.0 mM~l cm"* for cyanomethemoglobin. All hemoglobin concentrations
are given on heme basis.

Preparation of Oxygenated Solutions of Methemoglobin
Solutions of 30 mM phosphate or bis-tris buffer and methanol were
de-aerated by extensive flushing with argon. Concentrated solutions of
hemoglobin were de-aerated separatedly in a rotating tonometer under a
sontant flow of argon and added to the de-aerated solutions. Thereafter
the solutions were flushed very gently for one hour with a mixture of
argon and oxygen obtained from a gas-mixing pump (Wõsthoff M 300/a-F).
Following this procedure no hemichrome formation was observed, even in
the presence of 1 M methanol [21]. The oxygen concentration was calculated using a solubility coefficient of 1.64 pM/mra Hg at room temperature 20 ± 1°C and was varied between 30 and 330 JJM.

Pulse-Radiolysis (Experimental)
The oxygenated solutions of methemoglobin were irradiated with single
pulses (550 ns duration) of 2 MeV electrons obtained from a Van de
Graaff accelerator (High Voltage Engineering). The dose per pulse (1-3
krad) was determined by measuring the collected charge on the aluminium
holder of the optical cell by means of an electrometer (Keithley
Instruments, 601).
In order to obtain the hydrated electron concentration the coulometric determination was calibrated against an oxygenated solution of
10 mM potassium thiocyanate as dosimeter [22]. A small irradiation cell
was designed [14] to obtain a homogeneous distribution of the radicals
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in the sample. The optical system that was used to measure the transmission changes in these samples after the pulse consisted of a Xenon
arc-lamp (Osram, XBO 450/1) in combination with a quartz-condensor
(Spindler & Hoyer, f 75 triple) and a high intensity monochromator
(Bausch & Lomb, 1350 grooves/mm) with an achromatic quartz-fluorite
condensor. This monochromator gave a preselection of the wavelength of
the light beam before this beam passed through the irradiation cell to
the detection system. The detection system consisted of a photomultiplier (RCA, 4840), an anode current-to-voltage converter (transformation
to 50 Ü), a 500 MHz oscilloscope (Tektronix, 7904) equipped with a 7 A
13 differential comparator, two time bases and a trace recording camera.
The 7 B 70 time base and the 7 b 71 delaying time base were used in a
chopped mode to perform an accurate display of the trace and its final
level. The photomultiplier was protected against Cherenkov-radiation
emitted by the 2.0 MeV electrons in the sample by a second monochromator
(Bausch & Lomb, 1350 grooves/mm) directly mounted on the detector.

Pulse-Radiolysis (Data Analysis)
The reduction degree of the methemoglobin tetramers was kept low to
permit the reduction of only one of the a- or B-subunits of a tetramer
per electron pulse and the application of the pseudo-first order approximation for the kinetics of oxygen binding. It should be noted that
the relative contribution of the valence intermediates Hb 3 + , Hb 2 + f Hb +
and deoxyhemoglobin Hb to the optical density changes follow a binomial
distribution. The fractional contribution of H b 3 + to the change in absorbance is given by (1 - p ) 3 , where p is the reduction degree. For p
smaller than 0.03 more than 90% of the transient-signal originates from
species with one reduced heme group.
The kinetic absorbance differences for respectively the reduction of
1 1

Hb*"" and the ligation of oxygen to Hb 3 + in the Soret-region were calibrated at every wavelength against the known static difference spectra
of oxy- and methemoglobin at pH = 7. According to this procedure we obtained
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= e (Hb3+) - E (Hb1*"*") and Ae*

= e (Hb 3+ O 2 ) - e (Hb3+) ,

assuming that the total absorbance difference for reduction and ligation
of one heme group equals to the corresponding static absorbance difference e(HbO_) - efHb1* ) per heme group.

The

reduction-oxygenation

processes were followed at 435 ran wavelength, which is an isosbestic
point of the B- and T-state of unliganded hemoglobin. Moreover, at this
wavelength the absorbance difference for ligand binding to an ot-subunit
is equal to that of a 8-subunit [23]. In each of these experiments the
oxygen concentration was kept high enough for the dissociation of oxygen
from Hb 3 + O

to be neglected.

From the transient signal, which is logarithmically related to the
total absorbance A

at time t, the fraction of the unliganded reduced

heme groups (F ) was calculated according to

where A

and AQ are the final and initial absorbances respectively. For

the biphasic processes we have expressed F

in terms of two exponential

contributions
,obs.
Ft = ƒ exp(- l°DSt) + (1 - ƒ) exp(- l^t)
where 1-,

= l~ [o„] and l„

rate constants

(Z-,

> lp

(2)

= 'l^ [0„] are the observed pseudo-first
)

and the value of ƒ lies between zero

and unity.
A FORTRAN IV program (DISCRETE) for the automatic analysis of multicomponent exponential decay data was kindly provided by Dr. Provencher
of the Max-Planck-Institut in Göttingen. The time-dependence of the F values computed from the oxygénation process of Hb 3

has been analyzed

according to the eigenfunction expansion method used in this program
[24, 25] in order to determined the reaction rate constants lj
Zp

and

and the fraction f of equation (2). The program was instructed to

search for three exponentials without baseline component. The best fit
to the data in nearly all cases was achieved with two exponentials.
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Radiation Chemistry of Oxygen and Methanol
in Aqueuus Solutions
The primary radicals produced after interaction of highly energetic
electrons with aqueous solutions are, the hydrated electron, the hydrogen and the hydroxyl radical
H-O
2

-eaq

(3)

•H, -OH

The production of hydrogen radicals under our conditions is small compared to that of hydrated electrons and hydroxyl radicals [26]. The
hydrated electrons react rapidly with the methemoglobin tetramer
= 64 mM"1 ps" 1 at pH = 7 [27] and low ionic strength), reducing

(fe

one a- or 3-subunit only, provided there is an excess of Hbi*+
Hb3+

aq

(4)

Moreover in our experiments a considerable part of the hydrated electrons reacts with oxygen (k

°2

= 21 mM"1 ps" 1 [28]> to produce the super-

oxide anion radical
(5)

e
aq

Therefore the reduction degree of methemoglobin at constant pulse dose
depends on the oxygen concentration. A small part of the hydrated electrons reacts with the inorganic phosphate ions of the buffer solution to
produce hydrogen radicals (fe

H

2*°4

aq

- = 4.2 mM~' ms" 1 [28, 30]).

HPO.2-

The hydroxyl radicals are scavenged by methanol (k = 0.48 mM

(6)
1

ys~l

[29]) that is converted into a hydrogen abstracted methanol radical
CH OH + -OH

•CH OH + H O

(7)

As a result of the hydroxy-peroxy formation superoxide radicals are also
produced by the reaction of oxygen with the methanol radicals
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•CH2OH

HPO,2-

(8)

Ilan et al. [31] have described the properties of the hydroxy-peroxy
methanol radicals and have reported an increase in the decay of these
radicals in the presence of monohydrogen phosphate anions. The superoxide anion radicals are very unreactive with methemoglobin and oxyhemoglobin (fe = 4 mM

s

and k = 6 mM

s

, respectively [32]) and disap-

pear as a result of interaction with each other.
In conclusion we can say that under the conditions employed here only
the hydrated electrons are capable of reducing methemoglobin to any significant degree.

Correction of the Oxygen Concentration
after the Electron-Pulse
The concentration of oxygen available to react with H b 3 + has to be
corrected because of the conversion of oxygen into supt.roxide anion
radicals. According to the above reaction scheme the hydroxyl radicals,
the concentration of which to good approximation equals that of the hydrated electrons [22], are quantitatively converted into superoxide
radicals via methanol. That part of the hydrated electrons reacting with
oxygen depends on the values of the pseudo-first order constants of the
reactions (4), (5) and (6). Hence, the corrected oxygen concentration
[O_lJ
1

2 corr

was calculated by means of the equation
•*
^
- [-0H] -

or since ['OH] = [-e

(9)

MetHb

H

2PO4

]
(10)
2

2

4

where the primes denote pseudo-first order constants.
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RESULTS

The Kinetic Difference Spectra of Hbs+-Hb4+
and Hbz+0r.-Hbz+
Ci

The reduction process of methemoglobin by hydrated electrons and the
binding of oxygen to this particular valence intermediate has been
followed spectrophotometrically in the Soret-region at pH = 7.0.

The

kinetic difference spectra for reduction and ligation of one heme group
were obtained after oxygenated solutions of methemoglobin (9.6 \iti herae
and 30 uM oxygen) were given a small pulse of 2 MeV electrons, which
allowed a low reduction degree of 0.018 ± 0.002 to be maintained.

The

signal-to-noise ratio of the transient signal was always better than 10.
The low methemoglobin concentration, which had to be used to allow
sufficient light to pass through the solution in the Soret-region, resulted in a considerable amount of dimer-formation (K. _ = 3 )JM at pH 7
[33]). In the wavelength-range of 425-450 nm we also used a higher concentration of methemoglobin (33 uM heme and 30 (JM oxygen) in order to
reduce the dissociation of the tetramers into dimers. These results are
included in Figure 1, which shows Ae , and Ae., . between 390 and 450 nm
^
red
lig
and are calculated from the transient signal. The calibration of the absorption coefficients has been derived from the static difference spectrum from HbO„ and Hb*1

{dashed line) as pointed out in Materials and

Methods. The errors in Ae* , and Ae*. arise mainly from the high abred
lig
*
sorption of methemoglobin, especially around 405 nm, which is its
maximum absorption at pH = 7.0.
The data represent Ae

, and Ae . and exhibit a systematic pattern

of deviations between the observed and static absorption difference
spectra (solid line) of the corresponding fully reduced and liganded
forms of hemoglobin at 430 nm. This means that the absorption coefficient of the reduced heme group of Hb 3

differs from that of deoxyhemo-

globin. To indicate the deviation of the H b 3 + intermediate spectrum more
clearly, we have plotted the difference between the absorption coefficients of the kinetic and static spectra for the reduction and ligation
process of Hb^ + from 400-460 nm in Figure 2. The solid line in this
24

120

-30
390

400
410
420
430
wavelength \
(nm)

440

450

Fig. 1. The kinetie difference spectra for the reduction and oxygénation
of a single heme group of methemoglobin.
Open symbols refer to Ae re a = e(Hb 3+ ) - c(ííbh+) and closed symbols to Aeiig = e(Hb 3+ O ) - e(Hb 3 + ). The circles refer to solutions containing 9.6 yM methemoglobin and triangles to 33 uti
(both heme concentrations). The other concentration parameters
are: 30 mM phosphate buffer (pH = 7 ) , 100 mM methanol and 30 uM
oxygen. The reduction degree is 0.018 ± 0.002 of the total heme
concentration. The data are the average of three separate experiments. The solid lines are the corresponding static reduction
and oxygénation difference spectra of fully reduced and oxygenated hemoglobin. The dashed line represents the difference
spectra of HbO 2 and MetHb (i.e. the total absorption difference
Ae
tot,stat = Ae red r kin + K i g . k i n ' W h i c h S e r V e d a S calibration
spectra.

figure represents the Hb-Hb

absorbance difference spectrum observed by

Gibson [11] and Brunori et al. [12]. The fact that our data coincide
with this difference spectrum indicates that both H b 3 + and Hb* have the
same quaternary structure.
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400
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420
430
440
wavelength » (nm)

450

460

Fig. 2. The absorption difference between the static and kinetic difference spectra for the reduction and oxygénation of a single heme
group of methemoglobin.
Open circles refer to Ac

.
- Ae , , . and closed circles
red,stat
red,kin
to Ae., .
- Ae*. . . . The solid line corresponds to the
lig,stat
lig,kin
difference spectra of Hb-Hb at pH = 7.0 [13]. The experimental
conditions are the same as in Figure 1.

Feterogeneous Oxygénation of Hb
The rate of oxygen binding to H b 3 + as a function of the pH

in

the

range 6-8 was monitored at 435 nm at high methemoglobin and oxygen concentration (about 100 pM heme and 30-330 pM oxygen). As with the above
experiments the reduction degree of methemoglobin was less than 0.03.
It was found that there was no appreciable difference in rates when the
investigations were carried out in bis-tris instead of phosphate buffer.
A typical first-order plot for the oxygénation of H b 3 +

is shown

in

Figure 3. The time course of In F, vs time t exhibits small but distinct
biphasic behaviour. This was particularly true for the acid and neutral
solutions.
The observed pseudo-first order rate constants l~

and Z-_

were

plotted as a function of the corrected oxygen concentration [O_]
following equation (10) as shown in Figure 4. From the slopes the second
order rate constants lj
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and £„

were obtained. The same procedure
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Fig. 3. A semilogari-thnrLo plot of the unliganded fraction versus time
for the binding of oxygen to Hb3+.
The absorbance change was monitored at 435 run in a solution
containing: 100 IJMraethemoglobin(heme concentration), 1G0 mM
methanol, 30 mM phosphate buffer pH = 7.0, and 33 yM oxygen.
The reduction degree was 0.025 ± 0.002. The temperature was
20 ± 1°C.

Fig. 4. The dependence of the observed rate constants 1° s and 1° s on
the oxygen concentration.
The oxygen concentrations were corrected for the production of
superoxide anion radicals by primary and secondary radicals.
The open circles refer to the faster reacting fraction of Hb^ +
with oxygen. The closed circles refer to the slower fraction.
The reduction degree of the 100 pM methemoglobin solutions was
varied between 0.01 and 0.03. The absorbance changes were
followed at 435 nm. The observed rate constants were computed
with a FORTRAN IV program DISCRETE provided by Provencher [24,
25].
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been repeated for the pH values 6 and 8. The results of the rate constants for the three pH's are summarized in Table 1. The on-rate constants listed are all near to the value characteristic for the quaternary /?-structure.

Table 1. The kinetic parameter's confuted for the binding of oxygen to
singly reduced methemoglobin.
The standard solutions used in the pulse-radiolysis experiments
contained 30 mM phosphate buffer. The oxygen concentration
varied between 30-330 nM. The reduction degree of methemoglobin
on heme basis was always smaller than 0.03. The monitoring wavelength for the reduction-oxygenation kinetics was 435 nm. The
temperature was 20 ± 1°C.

on-rate constants:
pa-value

6
7
7*
7
7
8

cone. MetHb
(uM)

cone. MeOH
(mM)

100
100
3
100
100
100

100
100
100
20
1000
100

7 on
1
ms"1)

fraction f

(mM"1
0.72
0.68
0.70
0.59
0.62

±
±
±
±
±
1

0.08
0.05
0.08
0.05
0.06

57
56
59
56
52

±
±
±
+
±

lon
(mM"1 ms-i:

9
6
9
9
9

14
16
12
14
14

±
±
±
±
±

3
2
3
2
3

40 ± 4

Also at high reduction degrees.

In order to obtain further information about the nature of this foiphasic behaviour, several further experiments were carried out. We investigated the possible effect of the presence of dimers by measuring
the rate of oxygen binding to reduced heme groups using 3 uM of hemoglobin at neutral pH. The results of these experiments are included in
Table 1 and show that at low, and even high reduction degrees, the relative contribution to the heterogeneity is not affected by the presence
of dimers.
The addition of 100 mM methanol to the solutions of methemoglobin is
sufficient to scavenge the hydroxyl radical shortly after the submicrosecond electron-pulse. However, it has been found by Brill et al. [34]
that a methemoglobin-methanol complex is formed, with a dissociation
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constant of about 45 mH. To find out whether the radical scavenger influences the relative contribution of both phases during the oxygénation
process of Hb 3 + , two extreme concentrations of methanol were taken
(Table 1 ) . Within the experimental error no change in the fraction ƒ
has been computed at low saturation (20 mM HeOH) and high saturation
(1 M MeOH) of methemoglobin with methanol.
Other experiments designed to study the binding of oxygen to partially
reduced valence hybrids (consisting of two identical oxidized subunits
and two identical oxygenated subunits) at low reduction degrees have
shown: (1) an on-rate constant of 34 ± 5 mM"1 ms" 1 for the binding to a
reduced a-subunit, independent of pH; (2) an on-rate constant of
54 ± 6 mM"1 ms" 1 for the binding of oxygen to a reduced 3-subunit, which
is slightly pH-dependent.

DISCUSSION
For a better interpretation of heterogeneity observed in the binding
of oxygen to H b 3 + it is important to obtain an accurate absorption
difference spectrum of Hb~+O„-Hb

. In other studies of the partial re-

duction of methemoglobin in the absence or presence of oxygen, it was
reported that a good agreement existed between the kinetic and static
absorbance difference spectra of Hb3+-Hb'++ [16, 17] and Hb 3 + O~-Hb 3 +
[17], respectively. Our observation of the kinetic spectra indicates the
existence of a diminished absorption of the reduced subunits of H b 3 + at
430 nm of about 10% compared to the reduced subunits in normal deoxyhemoglobin. The difference between the kinetic and static absorbance
spectrum of Figure 1 corresponds rather well to that observed between
Hb-Hb , at pH = 7 [13]. We have related the high affinity conformation
(i?-state) to the particular valence intermediate Hb 3 + .
From pulse-radiolysis experiments with methemoglobin in the presence
of carbon monoxide instead of oxygen [14] we also obtained evidence that
Hb

(contrary to Hb

) is in the quaternary i?-state. The on-rate con-

stant for the binding of oxygen to H b 3 + summarized in Table 1 confirm
this supposition. Moreover, this means that the absorbance changes of
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the first order process observed near 420 nm (half-life of about 15 JJS)
cannot be attributed to an R •*• T transition, as suggested by Wilting et
al. [27] and confirmed by Clement et at. [16]. The nature of this
interesting phenomenon therefore needs further investigation.
The slight biphasical binding of oxygen to H b 3 + , as shown in Figure
3, could be analyzed with satisfactory reliability by means of the
mathematical method devised by Provencher [24, 25] for multi-exponential
processes. The on-rate constants for both species differ by an average
factor of 3.9 ± 0.4 at pH = 7 only. The heterogeneity appears to be pHdependent and disappears at alkaline pH-values. Furthermore, the heterogeneity proved to be independent of the raethemoglobin and methanol concentration. The significance of the former result is that the biphasic
binding observed for oxygen cannot be ascribed to a slight difference in
kinetic behaviour between the dimer and the relaxed tetramer of hemoglobin. The biphasical behaviour of the oxygénation process is independent of the methanol concentration in the range of 20 to 1000 mM.
Therefore the interaction of methanol with methemoglobin corresponding
to a methemoglobin-methanol complex with a dissociation constant of
45 mM [34] introduces no heterogeneity with respect to the oxygénation
of H b 3 + . The average value of the faster fraction ƒ, equal to
0.63 ± 0.07 at pH = 7 , persisted after large variation in the external
parameter. Xn addition to this it was observed that, in solutions containing 3 uM methemoglobin, the heterogeneity in the binding of oxygen
persisted also at high reduction degrees. This shows that fully reduced
dimers show the same heterogeneity in the kinetics of the binding of
oxygen as H b 3 + .
The above features indicate that one subunit of methemoglobin becomes
preferentially reduced and that the unliganded a- or 2-subunits combine
with oxygen at slightly different rates. The largest on-rate constants
for the oxygénation of H b 3 + is ascribed to the reduced 3-subunit for the
following reason. A comparison with partially reduced valency hybrids
shows that oxygénation of Hb

or
p

(02) a 2
30

(uni)^^2(HO) ]
R

is more rapid than Hb
e

or
a

suggesting that the faster reacting fraction corresponds to binding of
oxygen to the 3-subunit. The assignment of the fastest on-rate constant
to the 3-subunit is consistent with the result of Gibson [35], who concluded that oxygen binds more rapidly to and dissociates more rapidly
from 3-subunits than a-subunits.
In general it has been assumed that the heterogeneity in the kinetics
of oxygen binding is induced by organic polyphosphate-anions [5]. The
differences in the oxygen affinity of the a- and 3-subunits, found after
nuclear magnetic resonance spectroscopy [36, 37] of partially oxygenated
hemoglobin solutions, are detected only in the presence of P_-glycerate
and Ins-P . Evidence of induced heterogeneity in the kinetics of ligand
binding of a- and 3-subunits was given by Olson and Gibson [38, 39]. We
found that the addition of Ins-P^ induces a similar heterogeneity in the
D

carbon monoxide binding to partially reduced methemoglobin (Hb3+)' obtained by hydrated electrons [14]. It is noteworthy that in this case
hemoglobin has the quaternary T-structure and therefore the heterogeneity
observed under these conditions has been attributed to the non-equivalence of the a- and 3-subunits in the tensed state.
In the present pulse-radiolytic experiments no such allosteric effectors were present. Therefore the subunit non-equivalence observed in
stripped methenoglobin must reside in structural differences between the
unliganded a- and 3-subunits of Hb

.

The determination of the on-rate constant for the binding of the list
oxygen molecule according to the Adair-scheme can be approximated by the
mean-value of the two on-rate constants given in Table 1: 35 ± 4 mM" 1
ms

at pH = 7. This value is in good agreement with the on-rate con-

stand of 33.2 mM"1 ms" 1 reported by Gibson for stopped-flow measurements
in phosphate buffer [9]. We conclude from this that H b 3 + as triply oxygenated hemoglobin possess the quaternary /?-structure. This conclusion
is consistent with the spectral data. Recently, the pulse-radiolysis
31

technique was used by IIan et al. [17] to study the oxygénation of H b 3 +
in the visible region of the absorption spectrum. These authors reported
a fast monophasic binding of oxygen to partially reduced bovine methemoglobin (on-rate constant 26 ± 6 mM

ms

) . No preferential reduction or

oxygénation has been observed at low reduction degrees. The difference
in the kinetics of ligand binding to -he last heme group between human
and bovine hemoglobin reflects the difference in functional behaviour
observed between both hemoglobins in equilibrium studies [40].
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INTRODUCTION
We have previously observed a transient state (half-time ^ 15 vs) in
aquomethemoglobin with an absorption maximum near 420 nm after rapid reduction of a single ferric heme group by hydrated electrons [1]. This
observation has been confirmed [2, 3 ] . Moreover, this microsecond process disappeared in the presence of Ins-P. [1]. On binding this organic
b

phosphate, metHb changes its quaternary conformation from the Ft- to the
T-state [4]. Therefore, we concluded that in the absence of an allosteric effector the reduction reaction of one heme group in metHb by
hydrated electrons was followed by a quaternary conformational change
(if -*- T transition) .
Recently, a number of studies on the kinetics of the binding of
carbon monoxide [5] and oxygen [3, 6] to a reduced single heme group of
metHb provided on-rate constants characteristic for the /?-state. These
pulse-radiolytic experiments indicated that at low reduction degrees no
Abbreviations used: e
hydroxyl radical; H b

3+

, hydrated electrons; "H, hydrogen radical; -OH,
, methemoglobin with one reduced heme group;

Ins-Pg, inositol hexaphosphate.
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change in quaternary conformation takes place. In an attempt to elucidate this apparent discrepancy, we have investigated the spectral properties of the transient state.
The data show that the absorption spectrum of the transient state
has the characteristics of a ferrous low spin-state. The subsequent
transition of the ferrous low spin to the stable ferrous high spin-state
proceeds with a half-time that depends on the solvent condition. On the
basis of these results we have postulated a two-step reduction mechanism
for oquomethemoglobin.

MATERIALS AND METHODS
Fresh human hemoglobin was isolated by Drabkin's methods [7] and
stripped of organic phosphates by passing the solutions through a mixedbed, ion-exchange column (Amberlite, IRA 400 and IR 120). Methemoglobin
was obtained by adding a 1.5-fold excess of potassium ferricyanide to
oxyhemoglobin solutions. The excess ferricyanide anions were removed on
a Sephadex G-25 column, and then the methemoglobin solutions were passed
through a mixed-bed, ion-exchange column.
The various metHb preparations were diluted in a 3 mM phosphate buffer (pH 7.2) containing methanol. All solutions were de-aerated before
irradiation with 550 ns pulses of about 1 krad from a 2 MV Van de Graaff
electron accelerator. During the radiolysis of aqueous solutions hydrated electrons (-e

) are produced together with hydroxyl (-OH) and
aq
hydrogen (-H) radicals which both are scavenged by methanol by means of
hydrogen abstraction [8]. The reduction degree of metHb was kept low
(< 0.03) so that the concentration of hemoglobin molecules with two reduced heme groups could be neglected.
After the electron-pulse, changes in the transmission of the sample
were measured with a light detector (4840, RCA-photomultiplier) and recorded by a Digital Processing Oscilloscope (DPO-system, Tektronix).
The absorbance changes in the Soret and visible wavelength regions
corresponding to the rapid reduction and decay of the transient state
were digitized and then analyzed according to the elgenfunction
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expansion method of Provencher [9, 10]. For each experiment the concentration of the reduced heme groups was calculated from the total change
in absorbance observed after 500 ps at 435 nm. These wavelengths are
isosbestic points for the quaternary R- and T-states of deoxyheraoglobin
[11]. A3 J- experiments were performed at room temperature.

RESULTS AND DISCUSSION
Two examples of the digitized time-recording of the absorbance
changes at 424 nm and 560 nm are shown in Figure 1. At both wavelengths
the change in absorbance of the reduction and relaxation processes have
opposite signs while the relative contribution of the amplitudes is
optimal. The (sub)-microsecond absorbance change represents the actual
reduction process. This can be demonstrated by following the disappearance of the absorbance of the hydrated electrons at 650 nm [1, 2 ] .
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Fig. 1.
Transient signals of the reduction and
relaxation process recorded after pulse
radiolysis of aqueous methanol solutions containing metHb. The absorbance
differences at 560 nm (upper trace) and
424 nm (lower trace) initially show a
step in the absorbance due to the reaction of the ferric heme group with
the hydrated electrons. Subsequently,
a slower decay is observed corresponding to a low spin- and to a high
spin-state transition of the ferrous
heme group. Experimental conditions:
Heme concentrations respectively 109 JJM
and 8.6 liM on heme basis; 3 mM phosphate (pH 7.2); 1 M methanol; reduction
degree 0.03.

The decay of the transient state observed after the reduction of the
ferric heme group is found to be exponential. The half-time of this
process is independent of the heme and hydrated electron concentrations.
The kinetic spectrum of the transient and final states are shown in
Figure 2. The former is typical for a low spin ferrous heme. The large
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Fig. 2. The kinetic absorption spectra in the Soret and visible wavelength region obtained after single reduction of the herae groups
in aquomethemoglobin by hydrated electrons. The absorption spectrum observed immediately after the disappearance of the hydrated electron (•) corresponds to the actual reduction of the
ferric heme group to a characteristic low spin ferrous form of
hemoglobin. The relaxation process produces a final absorption
spectrum (o) reminiscent of a high spin ferrous form of hemoglobin. The latter spectrum deviates from that of deoxyhemoglobin in tho quaternary T-state (dashed line). The calibration
of millimolar extinction coefficients of the kinetic absorption
spectra is performed at 435 nm and 540 nm, respectively,
(isosbestic wavelengths of the quaternary R- and 2*-state). For
experimental conditions see Fig. 1.

a-band at 559 nm, the smaller 6-band at 525 nm and the Soret- or Y~band
at 423 nm resemble a hemochrome spectrum [12] . The kinetic spectrum of
the final state differs from that of Hb in the T-state but corresponds
to that of Hb in the .fl-state. The reduced heme group of this state is
unliganded and has been shown to react with carbon monoxide [5] and
oxygen [3, 6 ] .
The formation of a hemochrome indicates that large structural changes
in the heme environment accompany the electron transfer process. Under
our experimental conditions the reduction reaction leading to the
ferrous low spin-state is virtually complete within the duration of the
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electron pulse. We have estimated an upper limit for the relaxationtime of 400 ns for the rearrangements of the protein structure in the
vicinity of the heme group accompanying the reduction process. Tertiary
conformational changes in the structure of hemoglobin on the submicrosecond time-scale have been reported by Alpert et al. [13] from flash
photolysis studies. It is still difficult to relate the transient state
observed after ligand removal by flash photolysis of carboxyhemoglobin
to the transient state reported here.
Recently Blumenfeld et al. [14] observed an absorption spectrum
after -y-irradiation of methemoglobin in water-ethylene glycol solutions
at liquid-nitrogen temperature very similar to that of the low spin
hemochrome spectrum reported here. The low-temperature spectrum is
approx. 2 nm blue-shifted with respect to the spectrum shown in Figure
2, a shift ascribable to the temperature difference. We have concluded
therefore that the ferrous low spin-state observed in our experiments
corresponds to that reported by Blumenfeld et ai. [14], who have proposed several hypotheses to explain it. Our kinetic experiments confirm
one of these, namely that an endogeneous nitrogen-base is involved as a
sixth ligand during the electron transfer process. Most probably the
distal-histidine acts as the primary electron acceptor of the subunit.
Subsequently, the electron transfers from the distal-histidine to one
of the d-orbitals of the iron atom leading to a (unstable) ferrous low
spin-state.
The transition of the low spin transient to the final high spinstate of the ferrous heme group possesses a half-time dependent on the
methanol concentration as shown in the double logarithmic plot of Figure
3. We suggest that this effect is due to a coupling of the dynamic
polarization of the solvent and the vibronic modes of the heme groups
[15]. Probably an important fact in connection with this coupling is
the presence of water molecules in the heme pocket leading to a relatively polar environment of the home group [16, 17]. These considerations suggest the following reduction and relaxation scheme:
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Fig. 3.
The effect of methanol on the f i n
order rate constant of the spinstate transition observed in the
Soret and visible region. Experimental conditions: 50 uM metHb on
heme basis; 3 mM phosphate (pH
7.2); reduction degree 0.02.
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in which the notation of Peisach et at. [18] is used. Here k

, repre-

sents the second order rate constant for the reduction of a single heme
group, whereas k

. is the first order rate constant for the relaxation

of the transient state. For k , we have measured a value of 16 mM" 1
red
ys" 1 , at pH 7.2 [1].
The final absorption spectrum observed after the spin-state transition differed from that of normal ferrous high spin deoxy-hemoglobln at
all heme concentrations measured, but corresponded to the spectrum of
the deoxy R-state or rapidly reacting forms of Hb first observed by
Gibson [Ï9]. This result is in accordance with the observations that
ligand binding to H b 3 + proceeds with on-rate constants characteristic
for the i?-state [3, 5, 6 ] . The .ff-type Hb-spectrum is also found in the
Soret-region, where under out experimental conditions metHb is largely
dissociated into dimers [20]. This observation is in accordance with
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the fact that Hb-dimers also show this type of spectrum [21].
Finally we want to emphasize that the effect of methanol on the reduced subunit together with its hemochrome spectrum indicat3 that the
water molecule present in aquoraethemoglobin is released before the
formation of the hemochromogen. Further investigations on the spinstate transition in partially reduced metHb are in progress.
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SUMMARY: The kinetics of carbon monoxide binding following fast reducCCi 4anã a
tion of the valency hybrids 0.2 2
hydrated electrons
2
^2
have been studied at different degrees of reduction.
The results show
that at pH 6.0 and 7.0 reduction of one heme group yields a species
which reacts fast with carbon monoxide (rate constant in the order of
10 6 M"1 s " 1 ) . At pH 6.0 the intermediates a 2 C O 62 and a2B2CO bind carbon
monoxide with a rate characteristic of the T-state. At pH 7.0 oc2C°É>2 is
for the greater part in the T-state, while in the case of
01262e0 the
R- and the T-state are about equally populated.

INTRODUCTION
Recently we have shown that pulse radiolysis can be used to study the
kinetics of the carbon monoxide binding to partially reduced methemoglobin [1]. The method is based on the fact that hydrated electrons,
generated upon irradiation of aqueous solutions of methemoglobin, reduce ferric heme groups within a few microseconds. When this reduction
is carried out in the presence of carbon monoxide the kinetics of the
carbon monoxide binding following reduction can be investigated.

Abbreviations used: a , a, a

and 3 , 3, S

, the aquomet, unligated and

CO ligated form of the a and g chain of human hemoglobin; bis-tris, 2,2bis(hydroxymethyl)-2,2',2"-nitrilotriethanol; e

, hydrated electron.
aq
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An interesting feature of this method is that by irradiation of solutions of valency hybrids, these are hemoglobin tetramers with one type
of chain in the ferric and the partner chains in the ferrous form, the
carbon monoxide intermediated oi-S-

and a„

f3_ are obtained.

These

intermediates are identical with two of the four possible configurations
in which half ligated hemoglobin can occur in the course of the reaction
of deoxyhemoglobin with CO. Since intermediates of this type cannot

be

isolated, artificial intermediates like valency hybrids have been studied as model systems for the half ligated state of hemoglobin [2, 3 ] .
In this paper we present a study on the kinetics of the

carbon

monoxide binding following pulse radiolysis of solutions of valency
hybrids. From the dependence of the binding kinetics on the degree of
reduction, information is obtained on the quaternary structure of the
carbon monoxide intermediates. The results show that a distinct difference exists between the kinetic behaviour of these intermediates and the
cyanomet valency hybrids.

MATERIALS AND METHODS
The isolation of human hemoglobin and the preparation of valency hybrids have been described elsewhere [4]. The protein solutions were deaerated with pure argon, followed by equilibration with a mixture of
carbon monoxide and argon. This gas mixture was obtained using a gas
mixing pump (Wõsthoff M 300/a-F). The concentration of carbon monoxide
was calculated using a value of 1.36 yM/mm Hg for the solubility coefficient.
As a source of high energy electrons a 2 MV Van de Graaff accelerator
(High Voltage Engineering, Europe) was used.

To ensure

homogeneous

sample irradiation a small cell was used (1 x 5 x 9 mm: electron pathlength 1 mm, optical pathlength 9 mm).
A scavenger of OH and H radicals methanol was added

to the protein

solutions.
The optical detection system has been described previously [1].
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For the rate constant of the reaction of e
with CO a value of
aq
10 9 M"1 s"1 has been reported [5], while for the reaction of e
with
aq
methemoglobin values in the order of 10 1 0 NT 1 s"1 have been found [6, 7].
Therefore, under tie experimental conditions used the reaction of e
aq
with CO can be neglected. For the carbon monoxide binding pseudo-first
order conditions were satisfied in all experiments.
The carbon monoxide binding data were analysed according to the
following equation:
F(t) = a exp(-

+ (1 - a)exp(- k2[CO]t)

(1)

where F(t) represents the fraction unliganded ferrous heme groups, k
and k

1

the two second order rate constants (k. > k ) and (1 - a) the

fractional contribution of the slow phase to the change in absorbance.
F(t) was calculated according to:
F(t) =

AA(t)
AA(t =

(2)

with AA(t) the change in absorbance due to CO binding at time t.
The time course of the carbon monoxide binding was followed at 435 nm
(bandwidth: 2 nm).
The degree of reduction (p) was calculated using for the difference
in absorbance between unligated and CO ligated heme groups at 435 nm a
value of 90 mM~ * cm"*.
The concentration of the valency hybrids was measured spectrophotometrically. The concentration is given on heme basis.
All experiments were performed at room temperature (20 ± l^C).

RESULTS
Figure 1 shows some typical first order plots for the CO binding observed after fast reduction of valency hybrids by hydrated electrons.
From the figure it is seen that the time course

of the

CO binding

strongly depends on the degree of reduction (p). At low p values the
kinetics of the CO binding can be described by a single exponential. As
the reduction increases biphasic binding kinetics are observed. An anal44

lnF(t)

10

15 tfrns)

10

15 t(ms)

Fig. 1. First order plots of the time course of the carbon monoxide
binding to partially reduced valency hybrid solutions
at differlut
ent degrees of reduction (p) . Left panel:
, right panel:
95 uM valency hybrids, 125 \iK CO, 30 mM phosphate buffer, pH
6.0, 0.1 M methanol, 435 nm, 20°C.

ysis of the data according to equation (1) shows that the values for the
rate constants k.. and k„ do not depend on the value of p. An increase in
p results only in an increase in (1 - a ) , the fraction slowly reacting
material.
The values for k. and k„, summarized in Table 1 do not differ significantly from the values characteristic of the R- and the T-state [810]. Both valency hybrids show similar values for k

and k_, so we

do

not find indications for chain heterogeneity with respect to the rate
of CO binding.
Figures 2 and 3 show the fractional contribution of the slow phase
to the change in absorbance as a function of p at pH 6.0 and 7.0. Within
experimental accuracy the relative amplitude of the slow phase increases
linearly with p. Since e
react with ferric heme groups with a rate
aq
constant approaching the diffusion controlled limit [6, 7] the assumption
45

is reasonable that all ferric heme groups will have the same probability to be reduced by e

. This leads to a binomial distribution of the
aq

reduced heme groups among the hybrids.

For the case, where only

tetramers are present, the fractional contribution of fully reduced
hybrids to the change in absorbance equals p (line A in Figs. 2 and 3 ) .
Table 1.
Rate constants for the carbon monoxide binding observed after fast reduction of valency hybrids. Conditions: hybrid concentration 95 yM;
buffer concentration 30 mM, wavelength 435 nm, temperature 20"c.

io"6 M"1

S" 1

* 10~ 6 M"1

phosphate

3.4 ± 0.6

0.33 ± 0.1

bis-tris

4.0 ± 1

0.41 ± 0.1

phosphate

4.3 + 0.6

0.34 ± 0.07

bis-tris

5.6 + 1

0.36 ± 0.08

phosphate

3.1 ± 0.5

0.29 ± 0.06

bis-tris

3.4 ± 0.4

0.27 ± 0.04

phosphate

4.7 ± 0.6

0.41 + 0.1

bis-tris

6.1 ± 0.8

0.35 + 0.09

S" 1

pH 6.0
+„ CO

«2 h
pH 7.0

pH 6.0
CO„ +
pH 7.0

However, under conditions where dissociation into dimers occurs

devi-

ation from the ideal situation can be expected because dimers are known
to react fast with CO [11]. This dissociation can be suppressed using
high protein concentrations. In that case, only small values of p can be
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Fig. 2. The dependence of the relative amplitude of the slow phase
(1 - a) on the degree of reduction (p) at pH 6.0 in 30 mM phosphate (•) and 30 mM bis-tris (o) . Left panel: OL2+&2
' right
panel: a 2 c o 32 + 95 pM hybrids, 125 yM CO, 0.1 M methanol, 435 nm, 20°C. Line A
and B represent the calculated contribution to the change in absorbance of fully reduced hybrids. Line A has been calculated
for the case where only tetramers are present; for line B a value
of 10 yM for the tetramer-dimer dissociation constant has been
assumed.
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Fig. 3. The dependence of the relative amplitude of the slow phase
(1 - a) on the degree of reduction (p) at pH 7.0 in 30 mM phosphate (•) and 30 mM bis-tris (o). Left panel: a 2 + B2 C °' right
panel: a 2 C O 3 2 + .
95 uM hybrids, 125 pM CO, 0.1 M methanol, 435 nm, 20°C. For line
A and B see legend to Fig. 2.
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obtained. This is due to the limited intensity of the electron pulse of
the Van de Graaff generator. Faced with t h e ^ conflicting experimental
requirements, we studied p values up to 0.30 at heme concentrations of
about 100 MM. At this concentration up to 25% of the protein could be
present as diraer [12-15]. Correcting for the presence of these fast
reacting dimers line B in Figs. 2 and 3 is obtained, representing the
contribution of fully reduced valency hybrid tetramers to the change in
absorbance.
Fig. 2 shows that at pH 6.0 for a

CO

R

+

the observed amplitude of the

slow phase corresponds with the contribution of fully reduced hybrids
+ CO
whereas a_ 3~
shows a slightly smaller amount of slowly reacting
material. From Fig. 3 it is seen that at pH 7.0 for both hybrids only a
part of the fully reduced hybrids react slowly with CO. Moreover at this
CO
CO
pH a distinct difference in kinetic behaviour between a

B~ and a 8-

is observed. Experiments performed at higher CO concentrations (250 and
650 pM) showed that at pH 6.0 and 7.0 the second order rate constants,
k. and k„, and the amplitude of the slow phase, (1 - a ) , do not depend
on the CO concentration.
DISCUSSION
From the present results it is clear that in good approximation the
kinetics of the binding of CO to partially and fully reduced valency
hybrids can be described by two rate constants. This indicates that
these kinetics can be understood within a two state model. The values
observed for these rate constants for the valency hybrids agree well
with the values we reported for partially reduced methemoglobin [1] and
with values reported for fast and slow reacting forms of hemoglobin [810].
The fast monophasic CO binding observed at low degrees of reduction,
where the predominant reaction product is a hybrid molecule with one
reduced heme group, indicates that after reduction of one heme group
both hybrids still remain in the R quaternary state. This conclusion is
in accordance with results of flash photolysis studies which show that
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a hemoglobin molecule having three ligands bound possesses the R structure [8]. The observation that the slow phase in the carbon monoxide
binding is only detectable at p values where an appreciable amount of
fully reduced valency hybrids is formed justifies the conclusion that
this phase originates from the fully reduced hybrids. The data shown in
CO
Fig. 2 imply that at pH 6.0 the intermediate a
g reacts with CO with
CO
a rate constant characteristic of the T state. For tx-B?

a small con-

tribution from the R-state cannot be excluded. However, for both intermediates the conclusion is justified that at pH 6.0 these species are
predominantly in the T-state. At pH 7.0 a quite different behaviour is
CO
observed (Fig. 3 ) . It appears that at this pH about 70% of the a
&
CO
molecules react slowly while for a_3~
this percentage is about 50%.
This means for both intermediates a significant population of the Rstate at pH 7.0. In addition to this our data indicate a distinct chain
heterogeneity with respect to the allosteric equilibrium: the T-state
CO
CO
being more favoured in a_

3

than in «„S 7

. A similar conclusion has

been reached by Ogawa and Shulman from NMR studies on cyanomet valency
hybrids [3].
CO
It should beCO
noted
that the difference in behaviour observed for
at
@- and
is not likely to originate from differences
PH
in the tetramer-dimer dissociation constant. In order to make like B in
Fig. 3 meet the experimental data, extreme values for the tetramer-dimer
CO
dissociation constants are needed (i.e. 130 yM for a„
and 60 yM for
CO +
a
S 2 ) . Moreover, it has been shown both for carboxy- and methemoglobin
that the tetramer-dimer dissociation constant decreases with increasing
pH [12, 13, 15]. In other words, at pH 7.0 the tetramer-dimer dissociation constant will be smaller than at pH 6.0, where a value of 10 pM
can be regarded as an upper limit for this constant [12-15].
In terms of the model of Monod, Wyman and Changeux [16] our results
lead to the conclusion that at pH 6.0 the R-T equilibrium constant for a
hemoglobin molecule having two CO molecules bound (Lc2) has a value
larger than 10; at pH 7.0 this constant has a value ranging from 1 to 2,
dependent on the type of the CO ligated subunit. In other words, for the
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two intermediates the switch-over point has a value near 3 at pH 6.0
while at pH 7.0 it is slightly above 2.
The time course of the CO binding to the half ligated hemoglobins is
different from that observed by Cassoly and Gibson for the cyanomet
valency hybrids [2]. They observed that at pH 6.6

60-80% of the cyano-

met hybrids react fast with CO. This result is supported by NMR measurements [3]. So it appears that in the carbon monoxide intermediates the
T-state is more favoured than in the cyanomet valency hybrids.
CO
The biphasic. carbon monoxide binding kinetics shown by a
B_ and
CO
at pH 7.0 imply that both intermediates exhibit a slow and a fast
„6„
a6
reacting form, and that the rate of interconversion between these two
forms is slow as compared with the rate of CO binding. A similar observation has been reported for the cyanomet valency hybrids by Cassoly
+ CO
CO +
and Gibson [2]. On the other hand both a_ $_

and a„

3„

possess the

R-conformation; so the observation of a slow reacting form after reduction implies a reduction induced change from the R- to the T-state with
a rate constant larger than k.[CO]. This rapid R-T change and the observation of biphasic CO binding kinetics for the fully reduced hybrids are
in apparent contradiction. However, a solution to this problem can be
given by assuming that immediately after complete reduction the protein
occurs in an activated transient state R* from which it rapidly decays
to the stable R- and T-state, with rate constants k^ and k., both being
much larger than k [CO]; e.g. for a

•

8~

Co

:
1

CO„ CO

aq
CO. CO

*2 h
A possible indication on the identity of R* follows from recent experiments on the reduction of methemoglobin by e , where immediately after
aq
reduction we have observed a transient state, characterized by a hemochrome-type of spectrum [17]. At neutral pH this transient decays to a
normal R-state with a half time in the order of 15 \is. This transient
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state could be identified as a ferrous low-spin state, where the distal
histidine forms a bond with the heme iron. Further investigations have
to be carried out to explain why the interconversion rate between the RCO
CO
and T-state for a ? 3_
and a
(3_ is rather slow, while for partially
ligated carboxyhemoglobin, although at different solution conditions,
there is evidence for fast R-T interconversion [10, 18].
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THE SPIN-STATE TRANSITION OF THE HEMOCHROME NON-EQUILIBRIUM
CONFORMATION IN PARTIALLY REDUCED HUMAN METHEMOGLOBIN

A Pulse-Radiolysis Study of Aqueous-Methanol Solutions of Methemoglobin
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and
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SUMMARY: The effect of external parameters on the relaxation process of
the hemochrome-type non-equilibrium conformation in partially reduced
methemoglobin has been investigated. The relaxation of the intermediate
ferrous low-spin state to the high-spin equilibrium conformation of
hemoglobin appears to be facilitated particularly by protons and phosphate ions. In addition to aquomethemoglobin we have studied the spinstate transition in complexes of the heme group with fluoride, azide
and cyanide anions.

INTRODUCTION
The observation of a spin-state transition of the iron atom after reduction of the ferric heme group in methemoglobin by solvated electrons

Abbreviations used: i?(r)-state, the relaxed quaternary (tertiary) structure; T(t)-state, the tensed quaternary (tertiary) structure; i?*-state.
an activated state of the quaternary if-structure;

j ^ and d 5 > 2 , the

low-spin state and high-spin state of the ferric ion; d„ and d,, the
low-spin state and high-spin state of the ferrous ion; Ins-P,, inositol
o

hexakisphosphate.
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prompted us to examine this process in more detail. In a preliminarycommunication we reported that the visible absorbance spectrum observed
immediately after the actual reduction process of the heme group revealed a low-spin ferrous heme spectrum which is characteristic for a
hemochrome state [1]. The subsequent transformation of this intermediate
state into a stable high-spin ferrous state occurs in the microsecond
region, leading to a deoxy-subunit in the quaternary i?-state. Similar
changes in absorbance were first recognized by Wilting et al. [2] after
partial reduction of aquomethemoglobin by hydrated electrons produced
by pulse radiolysis. Later Clement et al. [3] reported that two intermediate states of partially reduced azido-methemoglobin could be detected in the microsecond time region.
All the above experiments reveal an intermediate state in the reduction process by solvated electrons of the ferric heme groups in methemoglobin. Moreover, those intermediate states are relatively independent upon the ligand bound to the ferric heme group. This result
suggests that those ligands are released before the formation of the
heraochrome state with the exception of cyano-metheraoglobin [3]. Previously we suggested [1] that the distal histidyl residue probably is the
primary electron-acceptor of the solvated electron; subsequently it
acts as an electron-donor during the electron-transfer process, in the
course of which this residue becomes liganded to the iron atom of the
heme group until the spin-state transition removes it again. This
suggests that the spin-state transition will certainly be accompanied
by large structural changes of the tertiary conformation. This transition can be considered as a trigger mechanism for the relaxation of
the protein-structure to the t-state in the reduced subunit.
From our studies on the binding kinetics of carbon monoxide [4, 5]
and oxygen [6] for partially reduced methemoglobin and for fully reduced valency hybrids of hemoglobin (consisting of two identical oxidized subunits and two identical carbon monoxide liganded subunits), we
obtained information about the quaternary structure of the hemoglobin
intermediates. In particular the study of the binding of carbon monoxide
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to fully reduced valency hybrids suggested the existence of an activated
transient /?*-state of the quaternary ^-structure which rapidly decays
into a normal i?-state or T-state. The non-equilibrium R -state has
tentatively been ascribed by us to the intermediate hemochrome state [5].
In order to elucidate the fundamental properties of the heraochrome-state
we started a more systematic investigation of the influence of the solvent condition and of the ligand bound to the ferric heme group on the
decay-rate of this non-equilibrium conformation.

MATERIALS AND METHODS

The Preparation of Aqueous-Methanol Solutions
of Methemoglobin
Human oxyhemoglobin was prepared according to the toluene method of
Drabkin and stripped of organic phosphates as described in [1]. The
oxyhemoglobin was converted to aquomethemoglobin by adding a 1.5-fold
excess of potassium ferricyanide. The excess of the ferricyanide anions
and the ferrocyanide anions were removed through a G-25 Sephadex column
followed by passage over a mixed-bed ion-exchange column (Amberlite,
IRA 400 and IR 120). The methemoglobin concentration was determined
spectrophotometrically after addition of potassium cyanide using an absorption coefficient at 540 nm of 11.0 rnM"1 cm"1 on the heme basis. We
used borate, tris-HCl and bistris-buffer for adjusting the pH of the
methemoglobin solutions. Methanol was used as hydroxyl radical scavenger
to a concentration of 1 M.

The Kinetic Absorption Spectrometer
The optical detection system as depicted schematically in Figure 1
was mounted on a large optical bench in front of the 2.0 MV Van de
Graaff accelerator. The light source consists of a Xenon arc-lamp
(Osram, XBO 450/1) the output beam of which is focused by

a triple

quartz-condensor (Spindler & Hoyer, f 75) onto the variable entrance
slit of a high intensity monochromator (Bausch & Lomb, UV-VIS 1350
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2 MV VAN DE GRAAFF GENERATOR
KINETIC
SPECTROPHOTOME TER
DOSEMONITOR

1200

GG385
UV-VIS
MONOCHROMA
:ONDENSOR FILTER
LIGHTSOURCE

GG385

RCA 4 8 4 0
UV-VIS
MONO-

IRRADIATION
CELL

DPO
SYSTEM

DETECTOR •>

CHROMATORT
FILTER

R7912

CONTROLLER
( PDP 11 )

P 7001

TRANSIENT
DIGITIZER

CONVERTOR

Fig. 1. Schematic representation of the computer linked kinetic spectrophotometer and the electron pulse generator.
The 2 MV Van de Graaff generator, on which electron-pulses of
10, 30 and 100 ns or 0.5 and 5.0 ys duration can be selected,
delivers a maximum current of 2 A in the pulse. A large range
of irradiation doses can be selected in this manner. The presence of two grating tnonochromators in the kinetic-spectrophotometer not only reduces the transmission of light with shorter
wavelength but also the transmission of the Cherenkov-radiation
of the 2 MeV electrons. In addition, photolytic effects of the
sample are reduced, especially for the U.V. radiation sensitive
hemoproteins. The sample-cell has the dimensions 2 x 10 x 10 un
(light path 10 mm) and is homogeneously irradiated. The transmission changes are detected conventionally with a photomultiplier, which is connected to a transient digitizer and a digital processing oscilloscope. A minicomputer converts the transient data into optical density changes using the reference
voltage corresponding to the initial transmission. The other
components are described in the text.
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grooves/mm). The light leaving the variable exit slit (200-700 run) is
transmitted to the irradiation cell by an achromatic quartz-fluorite
condensor (Bausch & Lomb, f 25). This preselection of the monitoring
wavelength prevents heating of the solution as well as a photolytic
effect of the protein. Behind the cell a second high intensity monochromator with variable slits has been mounted to which various types
of photodetectors can be attached. The photodetector has been protected
against excessive illumination from the Cherenkov-radiation emitted
during the deceleration of the electron pulse in the sample by the
second monochromator and an UV-absorption filter (Spindler & Hoyer, GG
385). The experiments were performed with an extended red-sensitive
photomultiplier (RCA, 4840).
The transient voltage corresponding to the transmission changes in
the sample is transported by a low loss 50 fi coaxial cable (10 m) to
the control room. Here the signal in a 50 Q

load resistor is recorded

by a digital processing oscilloscope (Tektronix, P 7001) and a transient digitizer (Tektronix, R 7912). Both digitizers are equipped with
a differential comparator (Tektronix, 7 A 13) whose offset voltage was
used to convert the signal from voltage into absorbance changes by the
PDP 11 minicomputer according to AA

= lg(V /V ) , where V

put voltage at time t after the electron pulse and V

is the out-

is some reference

voltage. Usually the reference voltage is about equal to the voltage
that corresponds to the transmitted light intensity prior to the arrival
of the electron pulse. The data of the transients are stored on magnetic
tape. The data of the concurrent

or

consecutive

reaction

were

analyzed on a CYBER-computer using the Provencher's eigenfunction expansion method for multi-exponential decay curves [7, 8 ] . The DISCRETEprogramme based on this mathematical method was instructed to search
for two exponential contributions independent of sign and including a
base line component.
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Pulse Radiolysis of Methemoglobin
in Aqueous-Methanol Solutions
In deaerated aqueous solutions after a pulse of high energetic electrons the following primary radicals are obtained:
HO

aq'

•a, -OH

The ferric heme groups in methamoglobin are reduced very rapidly by
hydrated electrons. At low pH values and low ionic strength the second
order reaction constant approaches the diffusion controlled limit (its
value amounts to 16 mM" 1 us" 1 [2] at pH 6-7). The hydrogen and the
hydroxyl radicals"'" also rapidly react with methemoglobin with a rate
constant of 36 mM"1 ps" 1 by hydrogen abstraction of the amino acid residues. The radical sites thus produced decay intramolecularly by a
post-reduction reaction of the ferric heme group. This electron transfer reaction can be interpreted as a vibronically coupled tunnelling
process [10]. These processes extend over many orders of time and decay
essentially non-exponential in time [11, 12]. It interferes with the
consecutive reactions of the hydrated electrons. Methanol used in
concentrations larger than 100 mM is an appropriate scavenger of the -H
and -OH radicals at pulse doses up to several krad. The hydroxyl radical
reacts with methanol according to
CH 3 OH + •OH

•CH OH +

We found that -CH-OH also reduces the ferric heme groups of metmyoglobin
and methemoglobin in the presence of inositol hexakisphosphate. In

the

absence of organic phosphates the reduction of methemoglobin by -CH OH
radicals is not detected.
Aqueous-methanol solutions containing 1 M methanol allow irradiation
of methemoglobin with relative large doses. This methanol concentration

' Recent INDO calculations of Hobza and Zahradnik [9] have shown that
the monohydrated form of the hydroxyl radical (•OH

) is a relative:
aq
stable species with very high electron affinity (2.4 eV).
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according to Brill et ál. [13] just coincides with a maximum of the
stability of the protein-structure which in this case is at least as
stable as in a methanol-free buffer. In addition, under these conditions
we were unable to detect any ferric hemochrome formation; the latter
might have been expected in view of ESR experiments on methemoglobin in
the presence of methanol, of. Hollocher [14]. When ferric hemochrome
was formed in aqueous-methanol solutions the reduction of the hemichrome
by dithionite would have revealed easily the large a-peak of the ferrous
hemochrome spectrum as reported by Rachmilewitz et ál. [15]. Since
methanol induces a blue-shift of the solvated electron its absorbance
in the visible wavelength region cannot be neglected with respect

to

the absorbance change of the heme group as will be shown.

RESULTS
The Réduction and Relaxation of a Single Heme Group
in Aquomethemoglobin
Both electron transfer processes have been monitored after one single
pulse of 2.0 MeV electrons at a wavelength where the relative changes
in absorbance due to both processes are maximum. Figure 2 shows the time
recordings of the optical density changes at 559 nra of aquomethemoglobin
at pH = 9.0 in M methanol. The initial step in both traces is due to the
formation of solvated electrons in aqueous methanol solutions.

The

actual reduction of the ferric heme group proceeds very rapidly (5 us/
div). The subsequent absorbance changes of the spin-state transition [1]
is much slower than the reduction reaction (500 us/div). The curves are
well separated and both are analyzed for two exponential contributions
which indicate a possible subunit inequivalence. At low reduction degrees of methemoglobin (< 0.03) the absorbance changes of those tetramers having more than one reduced subunit can be neglected with respect
to hemoglobin molecules which possess a single reduced heme group.
Chain heterogeneity could not be detected in the visible
region.
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Fig. 2. Transient absorption at 559 nm of the reduction and relaxation
processes after pulse radiolysis of aqueous-methanol solutions
of methemoglobin. The initial step in the absorbance is due to
the production of solvated electrons. The reduction-process
(5 us/div) is over in a few microseconds. The subsequent spinstate transition (500 ps/div) proceeds with a rate constant
close to 1 ms" 1 and is clearly distinguished from the reduction
process. The concentration of methemoglobin is 46.6 pM and the
reduction degree 0.02.

From the final absorbance difference observed at 559 nm the concentration of the reduced heme group was calculated. We use this wavelength
because the absorption coefficient of the deoxy heme group does not depend on the quaternary conformation of hemoglobin [16], In this manner
we estimated a value of 20 ± 2 mM"1 cm"1 for the millimolar absorption
coefficient of the intermediate ferrous low-spin state at 559 nm.
Furthermore we determined that the hemochrome non-equilibrium state has
a decay rate of 1.23 ± 0.03 ms" 1 at pH = 9.0.
In the pseudo first order approximation the time dependence of the
absorbance changes of the reduction reaction (d, •> d 0 ) is given by the
following equation

AA

t=

K
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where e is the absorption coefficient of the solvated electron; e ,,
s
red
the difference between the absorption coefficients of the transient
state and the ferric heme group; y, the fraction of solvated electrons
which directly reacts with the ferric heme group; d, the length of the
light path in the irradiation cell; [-e ] , the initial concentration
5 U

of the solvated electrons and k

the overall rate constant of solvated
s

electrons with the heme group, the amino acid residues and other solute
components.
The second order rate constant for the reduction of the hemoglobin k
red
obtained after correction for the reactivity of the solvated electrons
with the solution has a value of 30 ± 3 mflT1 ps" 1 . Since k

depends

on the protein charge and the ionic strength of the solution the second
order rate constant at zero protein charge according to the Debye-Hückel
approximation was calculated to be 0.36 k

. This result is consistent

with earlier experiments of Wilting et al. [2] giving a value of
10 mM"1 us" 1 at pH 8-9 on the heme basis. In order to estimate the reduction yield y we also determined the absorption coefficient of the
solvated electrons e
Ae

= 16 ± 2 mM

cm

= 1 1 + 2 inM"1 cm"1 at 559 mn. Using a value
derived from the above mentioned absorption

coefficient e*(d ) we estimated y to be 0.60 ± 0.15.
The Soret Wavelength Region
Another series of experiments with methemoglobin in aqueous-methanol
solutions has been performed using various concentrations of methanol
and a methemoglobin concentration of 46.6 \M on the heme basis at 435
ran. In the Soret region, the absorbance changes are much larger than in
the visible wavelength region. Moreover, the absorption coefficient of
the solvated electron at 435 nm is negligible. The Soret-region therefore allows a more accurate determination of the kinetic parameters of
the reduction reaction and the spin-state transition. The analysis of
our decay curves representing both electron transfer processes at 435
nm indicated a strong possibility that each trace contains two exponential contributions both in the actual reduction reaction and in the
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Table I.
Heterogeneity of the hemoehrome spin-state transition in aqueous-methanol solutions.
The solutions consist of 10 mM sodium borate buffer (pH 9.0) and various
concentrations of methanol. The concentration of methemoglobin is 46.6
UM on the heme basis. The reduction degree of methemoglobin amounts to
0.02 measured at the monitoring wavelength of 435 nm. All experiments
are performed at room temperature. The absorbance transients are analyzed according to one and two exponential contributions independent of
sign and base-line component as indicated in the Methods.

Methanol
concentr.
(M)
0.1
0.2
0.5
1.0
2.0

Two exponential contributions

One exp.
contrib.
(ms"1)

(ms'1)

1.20±0.02
1.0210.17
1.65±0.23
1.5010.04
1.3410.16

0.71+0.10
0.5410.06
0.77+0.12
0.5210.14
0.8410.10

kn

(ms"1)

2.2810.32
2.6810.29
2.9310.40
2.4910.24
2.7710.36

ratio
3.2
4.0
3.8
4.8
3.3

fast fraction
0.5510.10
0.44+0.09
0.5210.10
0.4010.08
0.54+0.09

decay of the transient state. In Table I we have collected the kinetic
parameters of the hemochrome spin-state transition for fits of the
transient signals with one and two exponential decay-curves.
The rate constants calculated with one exponential decay-curve agree
well with the results obtained in the visible wavelength region. The
ratio of one rate constant to the other is only 3.7 1 0.6. In addition
to the heterogeneity observed in the hemochrome spin-state transition
these experiments also show that the rate constants are not very
sensitive to the methanol concentration. This is in contrast to our
earlier results, where a dependence of the spin-state transition on the
methanol concentration was reported [1]. The latter experiments were
performed, however, at a much lower pH-value (pH 7.0) using phosphate
buffer.
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The Effect of Protons and Phosphate Ions
on the Spin-State Transition
As the inorganic phosphate anions are direct effectors in the relaxation process we have used 10 mM bis-tris and tris-HCl solutions to
determine the pH dependence of the decay rate of the hemochrome state.
From a pulse radiolytic point of view bis-tris and tris-HCl behave
similarly to methanol in solution. At neutral pH we obtained values of,
respectively, 30 ± 10 mM"1 ms" 1 and 3.0 ± 0.8 mM"1 us" 1 for the reaction
of -e
and -OH radicals with bis-tris molecules (unpublished results),
aq
Both bis-tris and tris-HCl are known to exert no effect on the functional behaviour of methemoglobin.
From the results shown in Figure 3 it follows that the decay-rate of
the spin-state transition differs by nearly two orders of magnitude in
the measured range from acid to alkaline pH-values. Below pH 6 it be-

100

5 10 r

S

6

Fig.
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3. The pH-dependence of the decay-rate for the d^ —• d| spin-state
transition of a heme group in partially reduced methemoglobin.
The transient signals of the relaxation process are measured at
559 nm in 10 mM bis-tris and tris-HCl aqueous-methanol solutions
(1 M methanol). The concentration of methemoglobin is 52.7 yM on
the heme basis. The reduction degree is 0.01-0.03. All experiments were performed at room temperature.

comes difficult to distinguish the relaxation process from the reduction
reaction.
In the presence of phosphate and pyrophosphate anions we observe

a

definite increase in the decay-rate of the spin-state transition when
the phosphate concentration is increased. The aqueous solutions contain
1 M methanol and are adjusted to pH = 8.0. The kinetic parameters obtained for the phosphate and pyrophosphate anions are shown in Table II.

Table II.
The effect of -inorganic phosphate anions on the spin-state transition.
The sodium phosphate and pyrophosphate solutions are adjusted to pH 8.0
with 0.1 n HC1 and contain 1 M methanol. The concentration of methemoglobin is 20.3 yM on the heme basis. The reduction degree of methemoglobin varies from 0.01-0.02. The spin-state transition is followed at
the hemochrome a-peak (559 nm). All experiments ar^ performed at room
temperature.

Phosphate
concentr.
(mM)
10
33
100
330

Phosphate
1

k (ms" )
8 + 2

11+2
13 + 2
29 + 3

Pyrophosphate
k

(ms"1)
6 + 1
9 ± 1
17 + 2

The increase in the decay-rate of the spin-state transition is considerable in 330 mM phosphate compared to the bis-tris buffer. A larger
increase in the decay-rate was observed for neutral and acid pH values
when there was a corresponding increase in phosphate concentration.
In the presence of 1 mM Ins-P_ we found no intermediate hemochrome
state at neutral pH. Instead we observed a long-time scale post-reduction process, as indicated in the methods. Whether the ferrous lowspin intermediate state is really absent in the presence of Ins-P. or
becomes masked by the rapid reduction process of methemoglobin by solvated electrons has still to be determined.
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The Kinetic Difference Spectra of
Me themoglobin Complexes
The effect of proton-activity on reduction and relaxation processes
is apparently related to the spin-state equilibrium of aquomethemoglobin.
Therefore it is of interest to investigate the partial reduction of
several methemoglobin complexes by hydrated electrons; these complexes
of the heme group with inorganic anions lead to a high-spin (fluoride)
or a low-spin (azide and cyanide) state of the iron atom. The experiments are performed at neutral pH in 10 mM phosphate buffer to which are
added the corresponding sodium or potassium salts, so that more than
0.97 of the heme groups form a complex. These salts are unreactive with
primary radicals [17, 18].
All the complexes of methemoglobin mentioned above show an intermediate hemochrome state after reduction of the ferric heme group by
solvated electrons. Their relaxation processes observed at 420 run
possess different decay-rates. These results are summarized in Table III
together with the experimental conditions. The decay curves could be

Table III.

The kinetic parameters of the reduction and relaxation processes of the
partial reduction of methemoglobin complexes.
The pulse radiolysis experiments are performed in 25 mM phosphate buffer
at pH 7.0 containing 20 pM methemoglobin on the heme basis and 100 mM
methanol as hydroxyl radical scavenger. The monitoring wavelength for
the reduction-relaxation kinetics is 420 run. The reduction degree
varied between 0.03-0.10. The addition of the salts is sufficient to
achieve a degree of saturation of methemoglobin for at least 0.97 at
room temperature.

Salt

k

mM

inM"1 PS" 1

Complex

Hb + F"
Hb + OH 2
Hb+N 3 Hb + CN~
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10
0.02

k

red

11
14
16
8

±
±
±
±

rel

2
2
2
2

ms" 1
60 ± 10
80 ± 10
70 ± 10
-
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wavelength (nm)

580

600

Fig. 4. The kinetic absorbance difference spectra in the visible wavelength region obtained after reduction of a simple heme group
in aquometheraoglobin. The heme concentration is 61.2 pM on the
heme basis. The absorbance difference (per krad) observed immediately after the disappearance of the solvated electrons (•)
corresponds to the hemochrome non-equilibrium state of this subunit in partially reduced methemoglobin. The d£ —*• d^ spin-state
transition produces a final absorbance difference spectrum (o)
of a deoxy-subunit in the relaxed quaternary conformation.

fitted with one exponential. Tae relaxation process is also observed at
heme concentrations where hemoglobin is known to dissociate into dimers.
In addition the total change in absorbance of this process appeared to
be linear in the reduction degree for the methemoglobin complexes studied here. Both results indicate that the spin-state transition is a
property of the heme group independent of the state of aggregation of
the protein.
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rig. 5. The kinetic absorbance difference spectra in the visible wavelength region of azido-metheraoglobin under experimental conditions similar to those of aquomethemoglobin. In the absorbance
difference spectrum observed after the disappearance of the
solvated electron (•) the larger a-band and the smaller 3-band
of the hemochrome state are clearly resolved. The final absorbance difference spectrum (o) is similar to that of azidomethemoglobin and deoxyhemoglobin at pH 9.0.

The kinetic difference spectra observed after partial reduction of
aquo- and azido-methemoglobin in the visible wavelength region are shown
in Figures 4 and 5. The total absorption change per krad of the transient signal at every wavelength is extrapolated back to time zero after
the electron-pulse. Clearly both intermediate difference spectra reveal
the presence of a large a-band (550 run) and a smaller 3-band (526 run)
characteristic for the hemochrome state. Both intermediate spectra are
similar to that of deoxyhemoglobin with the distal histidine at the
sixth coordination position indicating that in the transient state the
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anions are not longer bound to this ligand site in aguomethemoglobin and
azido-methemoglobin. This fact suggests that the distal histidine

is

bound to the iron atom. The corresponding kinetic difference spectrum of
fluoro-methemoglobin in the visible wavelength region is not very accurate. For fluoro-methemoglobin the absorbance changes are much smaller
than for aquomethemoglobin.
Partially reduced cyano-methemoglobin is remarkably stable compared
to other complexes of methemoglobin. The half-life of the cyanide ferrous heme group is about 30 seconds and its low-spin spectrum is very
similar to that obtained from deoxyhemoglobin in the presence of

large

amounts of potassium cyanide [19]. For this reason we assume that after
the ferric heme group has been reduced by the hydrated electron the
cyanide anion is not released immediately from the coordination sphere
of the iron atom.

DISCUSSION
The spin-state transition of the ferrous heme group must be due to a
weakening of the ligand field at the iron ion. The experiments

in which

we determined the effect of solvent molecules on the relaxation process
imply that protons are indirectly involved in the rupture of the Fe-N
bond of the distal histidyl residue as well as in the facilitation of a
structural rearrangement of the heme group environment. From a comparison of the results presented in Figure 3 and Table II it is clear that
phosphate and pyrophosphate anions affect the decay-rate of spin-state
transition in addition to the proton-linked relaxation process. Therefore the spin-state transition may be much faster than the reduction
process in the presence of inositol hexakisphosphate. In this case the
reduction reaction becomes the rate limiting step and no transient signals of the relaxation process can be detected.
By taking the effect of protons and phosphate anions into account we
are able to give a more detailed description of the different stages by
which the reduced subunit reaches its equilibrium conformation. In Figure
6 we have proposed a molecular mechanism to illustrate most of the ob-
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proton-transfer
process

Fig. 6. Schematic representation of the reduction relaxation processes
of the heme group and its environment.
The primary acceptor of the solvated ele<. ron is the distal
histidyl residue (1). The Coulomb interaction between the
imidazolide anion and the hydroxyl anion displaces the latter
from its coordination site (2), allowing the distal histidyl
residue to approach the iron atom (3). The ferrous heraochromenon-equilibrium state is formed. The uptake of a proton by the
distal histidyl residue leads to the weakening of the Fe-N bond
(4). The subsequent spin-state transition of the d-electron configuration from the low-spin state to the high-spin ground state
leads to a relaxation of the protein structure (5). The rotation
of several molecules in the heme pocket have been tentatively
indicated. For further description see discussion.
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served features of the reduction reaction of a subunit of methemoglobin.
Firstly it is assumed that the neutral

distal

histidyl

residue

that

forms a hydrogen bond with the hydroxyl anion is the primary acceptor of
the solvated electron.

The imidazole anion repels

the hydroxyl anion

and in its turn is bonded to the iron atom forming the

ferrous

chrome non-equilibrium state. The dissociation of the hydroxyl

hemoanion

has not yet been detected spectrophotometrically, probably because the
transfer of the solvated electron to the distal histidine

is

rate

limiting. Secondly, a proton weakens the ligand field near the iron
atom by attaching itself to the imidazole ring. During the subsequent
relaxation process the iron atom moves out of the porphyrin-plane
leading to the d 2 spin-state.
In the reduction-relaxation scheme of the heme group and its environment in Figure 6 we have not incorporated the depolarization process of
the solvated electron. It is difficult to determine whether this process,
which is accompanied by the disappearance of the absorption of the solvated electron, takes place near the hame edge exposed to the solvent or
at a remote site of the heme group on methemoglobin. The obtained reduction yield of about 0.6 indicates that the solvated electrons arrive
at the methemoglobin molecule at rather arbitrary sites and do not always lead to a reduction of the heme group. From studies on chromous
reduction at acid pH of methemoglobin by Olivas et ál. [20] a peripheral
pathway for the reducing electron is proposed, i.e. the electron transfer to the iron atom occurs via the porphyrin 7r-electron configuration.
In this case no ferrous hemochrome intermediate state has been detected
after the reduction reaction due to the dead-time of the stopped

flow

apparatus. The stopped flow experiments of Cox et al. [21, 22] and Huth
et al. [23] in which the reduction process of several metmyoglobin complexes is studied, revealed no intermediate state during the electron
transfer reactions. Here the release of the ligand appears to be the
rate limiting step of the reduction reaction. The pulse-radiolytic experiments, however, present evidence that there is an axial electron
transfer reaction with the distal histidine which acts as a primary
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electron acceptor and subsequently as a donor to the d-electron configuration.
The displacement of the series of axial ligands in methemoglobin
after reduction shows that cyano-methemoglobin behaves anomalously with
respect to the above reduction-relaxation scheme. The cyanide-anion remains bound to the heme group after reduction. The off-rate of this ferrous-cyanide complex is very slow and resembles the situation found in
the case of the dithionite reãuction of cyano-metmyoglobin [23]. No
significant difference has been observed in the reduction reactions of
methemoglobin with respect to the original spin-state, i.e. fluoro- and
azido-methemoglobin show the same relaxation characteristics as aquomethemoglobin. The release of these axial ligands from the coordination
sphere of the heme group must occur prior to the formation of the ferrous high-spin state, as we observed no rate limiting step in the
binding of oxygen to partially reduced methemoglobin [6].
As is apparent from the analysis of the relaxation-kinetics presented
in Table I both relaxation processes can be ascribed to a pH-dependent
inequivalence of the a- and g-subunits in methemoglobin.
An important biophysical aspect of the spin-state transition of the
metal d-electron configuration is the coupling of the electronic transition to the molecular vibrations of the proto-porphyrin complex. As
pointed out by Alpert and Banerjee [24] the binding of phosphate anions
to hemoglobin may lead to the quenching of one or several vibrational
modes of the heme group and the disappearance of the degeneration of the
vibronic levels. A similar effect on the spin-state transition of lowfrequency phonon-modes can be expected from the polarity of the heme
pocket. Water molecules that are in close contact with the heme group
have been detected by Schoenborn et ál. [25]in carbon monoxide myoglobin.
Even in the less open heme pocket of the a- and 3-subunits of hemoglobin
a number of water molecules are present [26]. The influence of the
polarization fluctuations on the spin-state transition of the aqueousmethanol solution is dominated by the above mentioned molecular vibration modes (eventually cancelled by phosphate binding) and
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the

polarity of the heme pocket. The quantummechanical description of the
spin-state transition can be treated phenomenologically by applying the
theory of radiationless processes, which is very similar to that of nonadiabatic electron transfer reactions. In the high temperature limit
the transition probability is given by the expression

k Tl^exptT
W = - ^ |V| 2 [2TTEE k
E /k T]
mB

where
E

a

= (AE - E )2/4E

mm

is the semi-classical free energy relationship; AE corresponds to
energy gap of the initial and final vibronic state and E

the

to the energy

of the molecular and polar modes [27, 28]. For the spin-state transition
the energy gap AE is in the order of 1 eV (10,000 cm"1) [29] and the contribution of the vibrational modes is about 0.03 eV (300 c m " 1 ) , i.e. in
the order of k T at room temperature. The energy of the polar modes of

B
the heme environment is at least one order of magnitude smaller than the
molecular vibrations 0.01-0.001 eV (10-100 cm" 1 ). At constant temperature the variation in the order of the relaxation time of the spin-state
transition with E as parameter is given by
E lg e
- log W(E ) = >5lg E
a
m
m
From this equation it can be estimated that a small change in E

gives

a wide range over which the relaxation time can vary. For E -values
between 0.01-0.03 eV and AE = 1 eV the relaxation time changes by as
much as seven orders of time. This shows how sensitive the vibronic
transition in heme groups can be for small perturbations arising from
phosphate binding and protonation of the distal histidyl residue.
It is tempting to compare the intermediate states observed by flash
photolysis of carbon monoxide and oxyhemoglobin with those observed in
our pulse-radiolytic experiments. The submicrosecond changes in tertiary
structure detected by Alpert et al. [30, 31] after flash photolysis of
oxyhemoglobin and some modifications do not sufficiently cover the Soret
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and visible wavelength region to enable us to observe any resemblance
with a ferrous low-spin state immediately after the photolytic dissociation of oxygen. The results

of the flash photolysis experiments of

carbon monoxide hemoglobin carried out by Sawicki and Gibson [32]

are

more closely related to our experiments. Those authors observe anomalous
behaviour in the kinetics at 425 run, this has been ascribed to the
presence of two distinct species of rapidly reacting hemoglobin. At
about this wavelength the transient hemochrome states appear

in

the

Soret region, so there is a possibility that the non-equilibrium conformation in flash photolysis also involves a spin-state transition as
well. No further indications are given by Sawicki and Gibson as to the
nature of this additional rapidly reacting species. This qualitative
comparison of the results obtained from flash photolysis and pulse
radiolysis demonstrates the validity of the formal correspondence between ligand dissociation in hemoglobin and the reduction reaction.
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VII
SUMMARY

In this thesis the kinetic aspects of the ligand exchange reactions
of hemoglobin are studied using the pulse radiolysis technique.

In

particular, the reactions of hydrated electrons with methemoglobin are
subjected to a closer investigation- It is reported that there

is

a

hitherto unobserved transient state of the heme group which appears
immediately after the rapid reduction process. The absorption spectrum
of this new species has the characteristics of a ferrous low-spin state
and can therefore be ascribed to the formation of a hemochrome non-equilibrium state (Part IV). The subsequent relaxation of this intermediate
structure into a deoxy-conformation is dependent on the amount of proton
activity in the solution and on the presence of organic and inorganic
phosphate anions (Part VI).
The final absorption spectrum of the heme group is shown to correspond to a ferrous high-spin state in the relaxed quaternary conformation. This is in agreement with the kinetics observed in the binding of
carbon monoxide (Part II) and oxygen (Part III) to partially reduced
methemoglobin. At reduction degrees of methemoglobin as well as of
valency hybrids where there is an important contribution from species
with two reduced subunits, the binding of carbon monoxide to hemoglobin
occurs with on-rate constants characteristic for the tensed quaternary
conformation (Part V ) . It is argued that this conformational change of
hemoglobin (the R-to-T transition) takes place very rapidly, which
suggests the participation of an activated relaxed conformation. It is
tentatively suggested that this rapid relaxation is due to the existence
of the hemochrome non-equilibrium state. In addition, it is found that
there is a distinct heterogeneity in the binding of oxygen to partially
reduced methemoglobin even at low degrees of reduction. The underlying
cause of this phenomenon is most probably ascribable to the subunit inequivalence of hemoglobin.
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VIII

SAMENVATTING

In dit proefschrift is de kinetiek van ligand-exchange reacties van
hémoglobine bestudeerd met behulp van de methode van de pulsradiolyse.
In het bijzonder is de reactie van gehydrateerde electronen met methemoglobine aan een nadere analyse onderworpen. Vermeld is een tot

nu

toe

nog niet eerder waargenomen tussenvorm van de heemgroep die ontstaat onmiddellijk na het snelle reductie proces. Het absorptiespectrum van deze
nieuwe vorm vertoont de eigenschappen van een ferro low-spin toestand en
is toegeschreven aan het optreden van een niet-evenwichtstoestand

van

hemochroom (IV). De daaropvolgende relaxatie van deze tussenvorm naar de
deoxy-conformatie is afhankelijk van de protonen-activiteit van de oplossing en de aanwezigheid van organische en anorganische fosfaten (VI).
Het eindspectrum van de heemgroep komt overeen met een ferro

high-

spin toestand in de "relaxed" quaternaire conformatie. Dit laatste is in
overeenstemming met de kinetiek die is waargenomen voor de binding

van

koolmonoxide (II) en zuurstof (III) aan partieel gereduceerd methemoglobine. Voor reductie-graden van zowel methemoglobine als valentie-hybriden, waarbij een belangrijk gedeelte van de hémoglobine moleculen
twee gereduceerde heemgroepen bezit, zijn snelheidsconstanten voor de
binding van koolmonoxide aan heemgroepen gemeten, die karakteristiek
zijn voor de "tensed" quaternaire conformatie (V). Het betekent dat deze
conformatie verandering van hémoglobine (de R-naar-T overgang) erg snel
plaats vindt en daarom de deelname suggereert van een "relaxed"-conformatie welke geactiveerd is. Het is derhalve gesuggereerd dat dit veroorzaakt kan worden door de niet-evenwichtstoestand van hemochroom.
Verder is aangetoond dat zelfs bij lage reductie-graden er een zekere
heterogeniteit optreedt in de binding van zuurstof aan partieel gereduceerd hémoglobine. De oorzaak van dit verschijnsel is zeer waarschijnlijk toe te schrijven aan het feit dat de subeenheden van hémoglobine
ongelijk zijn.
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