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Abstract-Glutaraldehyde is a reagent widely used for the cross-linking of haemoglobin for use as a 
blood substitute. Most of the previous studies were limited to oxygen binding equilibria of the 
glutaraldehyde-modified haemoglobin. This paper concerns the impact of glutaraldehyde on oxidation- 
reduction equilibria, autoxidation kinetics and stability towards heat and urea of haemogiobin cross- 
linked in the oxy, deoxy and ferri states. The oxidation-reduction potentials and homotropic effects 
were reduced; however, the oxidation Bohr effect was not significantly different when compared with 
native haemoglobin. Haemoglobin immobilized in the oxy or ferri state exhibited a lower redox potential 
than when immobilized in the deoxy state. The autoxidation rates were increased after cross-linking, 
particularly at basic pH. Cross-linking stabilizes ferrihaemoglobin better than oxy or deoxyhaemoglobin 
against thermal- and urea-induced denaturation. Glutaraldehyde cross-linking does not stabilize haemo- 
globin against urea-denaturation. The experimental results were interpreted as indicating a chemical 
modification of the protein without ‘conformation freezing’ and by an opening of the haem pocket to 
the aqueous solvent. 

Glutaraldehyde is a widely-used reagent for the 
cross-linking of haemoglobin in the context of blood- 
substitutes research [l-7]. However, in spite of its 
utilization in biochemistry for both fundamental and 
technolo~cal purposes, particul~ly for the immo- 
bilization of enzymes, glutaraldehyde solutions are 
not clearly defined and its reaction mechanism with 
proteins is misunderstood: glutaraldehyde solutions 
consist of polymers which react with a protein at 
many cross-linking sites and give rise to a hetero- 
geneous ~pulation of cross-linked monomer and 
polymers [S-15]. 

Many previous studies of glutaraldehyde action on 
haemoglobin have focused mainly on oxygen 
binding. However, the appraisment of the utilization 
of haemoglobin cross-linked by glutaraldehyde as 
blood substitute requires more knowledge of the 
effects of glutaraldehyde on haemoglobin. For 
instance it is important to appraise the redox poten- 
tials, the autoxidation rates of the iron and the stab- 
ility of the glutaraldehyde-modified haemoglobin. 

We have previously studied the effect of glutar- 
aldehyde on the allosteric properties of human 
haemoglobin 1161. Effect of pH and 2,3-diphos- 
phoglycerate on oxygen binding and cross-linking 
were studied with haemoglobin immobilized in both 
the oxy and deoxy states: the cooperativity is sup- 
pressed and the affinity is increased when compared 
with native haemoglobin; haemoglobin immobilized 
in the oxy state exhibited a higher oxygen affinity 
than that immobilized in the deoxy state. Most of 
the changes in behaviour of cross-linked haemo- 
globin are due to chemical modification without 
freezing of R or T conformations by cross-linking. 
Moreover, it was shown that haemoglobin chemi- 
cally modified by glutaraldehyde (without poly- 
merization), exhibited a behaviour similar to that 
of heterogeneous cross-linked soluble polymers. 

The aim of this paper is to extend the knowledge 
of the biochemical properties of glutaraldehyde 
modified haemoglobin which is necessary for phar- 
macological or technologic~ utilizations. This paper 
is a continuation of the previous study of the impact 
of giutaraldehyde on human haemoglobin and deals 
with the oxidation-reduction equilibria and the 
stability towards ferrous iron autoxidation and 
denaturation by heat and urea. 

METHODS 

Haemoglobin preparation. Human oxyhaemo- 
globin was prepared from freshly drawn blood as 
described previously [ 171. All haemoglobin con- 
centrations were measured according to Drabkin 
[18]. Ferrihaemoglobin was prepared using pot- 
assium ferricyanide in slight excess. Potassium ferri- 
cyanide and ferrocyanide were removed from the 
preparation using a Bio-Gel P6 column. For each set 
of experiments only one preparation of haemoglobin 
was used. 

Production of cross-linked soluble polymers. A 
solution of 0.05 M phosphate buffer, pH 7.2 con- 
taining 100 mg/ml haemoglobin, 3.3 mg/ml glutar- 
aldehyde was prepared. After lOmin, glycine was 
added to 10 mg/ml. Immobilization took place either 
in the presence or in the absence of oxygen. In the 
latter case, immobilization took place in an atmos- 
phere of nitrogen (Air Liquide, quality U, 10 ppm 
oxygen), the absence of oxygen being checked by a 
Clark oxygen electrode for all the solution used. 

Gel ~l~a~ion. Filtration was performed using 
sepharose 6B with a bed volume of 110 ml. One-ml 
samples of cross-linked soluble polymers or native 
haemoglobin (20 mg/ml) were eluted with 0.1 M 
phosphate buffer pH 6.8 at a flow rate of 9 ml/hr. 
Molecular weights calibration of the gel was carried 
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out with dextran blue, thyroglobulin, pyruvate 
kinase (ATP: pyruvate phosphotransferase, 
2.7.1.40), Aldolase (fructose-l, 6-diphosphate-D- 
glyceraldehyde-3 phosphate-lyase, 4.12.13) and 
native haemoglobin. 

Measurements of redox potential. Oxidation- 
reduction equilibria were investigated by means of 
potentiometric titrations, performed in vessels con- 
trolled by thermostat at 25” under purified nitrogen 
(nitrogen, quality U, purified by bubbling in a solu- 
tion of dithionite). The solution to be titrated was 
obtained by adding a concentrated solution of native 
or cross-linked haemoglobin in the ferri form to 
previously deoxygenated 0.1 M phosphate or borate 
buffer (final tetramer haemoglobin concentration 
10w4M). The magnetically stirred solution was 
flushed on the surface by purified nitrogen before 
and during the titration. 

In order to avoid diffusional constraints on large 
molecules (such as anthraquinone sulfonate) inside 
the haemoglobin polymers, the reductant used was 
a solution of dithionite in the deoxygenated buffer 
prepared just before each titration experiment. Tol- 
uidine blue was added (3% of the haemoglobin con- 
centration) as mediator. With this mediator, equi- 
libria were attained within 1 min. 

The reference cell was a saturated calomel elec- 
trode calibrated at 25” against a hydrogen electrode. 
The potential of the half-cell was 0.244 V at 25”. The 
Eh values were referred to the normal hydrogen 
electrode after the convention of Clark [19]. A 
CARY 401 ~tentiometer was used in connection 
with a recorder. The pOz was checked with a Clark 
oxygen electrode during each titration. The pH was 
checked after each redox potential measurement and 
spectra of haemoglobin were recorded in order to 
confirm the absence of hemochromes. Moreover, in 
order to demonstrate the absence of side effects of 
dithio~te on the measured redox potentials, controls 
with native haemoglobin were performed by titrating 
the haemoprotein, in the ferrous and ferric states, 
with ferricyanide and dithionite, respectively, at dif- 
ferent pHs. The same redox potentials were 
obtained. 

Autox~dat~on rate me~urements. Measurement of 
the autoxidation rate was carried out spectro- 
photometrically as described previously [20], in air- 
saturated 0.1 M 
5.5-8 with 2 mg P 

hosphate buffer over the pH range 
ml HbOz* in the temperature range 

1O-550. The reaction was followed either by scanning 
over the wavelength region 650-450nm at selected 
time intervals or by following the absorbance at fixed 
wavelengths (usually 630 nm) as a function of time. 
The ratio of the concentration of HbOz at time t = 
0 to that after time t, which is required for the first 
order plot, was obtained by following absorbance at 
630 nm and by the equation: 

(HbO~)~/(HbO~)~ = (Ao - A-)/‘(& - A=), 

where AO, A, and A, are respectively the absorbances 
at time 0, t and completion of the reaction (obtained 
by adding a small amount of potassium ferricyanide). 

* Abbreviations: Hb, haemoglobin; Hb02, oxyhaemo- 
globin; Hb+, ferrihaemoglobin; Es, potential at 50% 
oxidation. 

The pH was checked before and after each experi- 
ment and spectra of haemoglobin were recorded 
in order to confirm the absence of hemichromes 
formation during auto~dation rate measurements. 

Thermal denaturation rate me~urements. The kin- 
etics of thermal denaturation of haemoglobin were 
measured essentially as by other authors [21]. The 
experiments were carried out in 0.1 M phosphate 
buffer pH 7 with 2 mg/ml haemoglobin in the tem- 
perature range from 55 to 72’. After the desired time, 
aliquots of the haemo~obin solution were rapidly 
chilled in an ice bath and centrifuged at 27,000g for 
15 min at 4”. The absorbance, A, of the supernatant 
solution was measured at 523 nm (an isobestic point 
for HbOz and Hb+). The ratio of the concentration 
of haemoglobin at time f = 0, (Hb)o, to that at time t, 
(Hb),, was calculated with the following expression: 

(Hb)~/(Hb)~ = A,,‘& 

pH was checked before and after each experiment. 
Urea denaturation rate measurements. Measure- 

ments of denaturation rate were carried out spectro- 
photometrically as previously described [22]. The 
reaction was followed at 578 nm for oxyhaemoglobin 
and 500nm for fe~haemoglobin. The urea con- 
centration was 10M for oxyhaemo~obin and 8M 
for ferrihaemoglobin. The experiments were carried 
out in 0.1 M phosphate buffer with 2 mg/ml-’ 
haemoglobin at 20”. For each reaction, the mole 
fraction of unchanged haemoglobin at time t is repre- 
sented by the equation: 

(Hb)~/(Hb)~ = (A, - A&‘(& -A,), 

In order to avoid ammonium cyanate formation, 
urea solutions were prepared from solid urea 
immediately before use. The pH was checked before 
and after each experiment. 

RESULTS 

Molecular weight dispersion 

Molecular weight dispersion of cross-linked sol- 
uble polymers was shown by gel filtration on 
sepharose 6B (Fig. 1). The reaction of glutar- 
aldehyde with oxyhaemoglobin produces polymers 
of which about 30% are eluted in the void volume 
of the gel (molecular weights greater than 4 x 106), 
whereas the effect of glutaraldehyde on deoxy- 
haemoglobin yields polymers of a smaller size. 

Effect of glutaraldehyde on oxidation-reduction 
potentials 

Potentials at 50% oxidation of native haemoglobin 
and haemoglobin cross-linked in oxy, deoxy and ferri 
states have been determined for different values of 
pH (Fig. 2). The values of Ei for native haemoglobin 
are in agreement with those previously reported 
under similar conditions by Antonini et af. [23]. 
The oxidation-reduction potentials are reduced after 
immobiIization. Polymers obtained by cross-linking 
oxyhaemoglobin and methaemoglobin exhibited a 
smaller E* than those prepared from the deoxy- 
haemoglobin. The position of the curves and the 
magnitude of the oxidation Bohr effect are not dif- 
ferent from that of native haemoglobin (-AE/ 
ApH = 0.55). 
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Fig. 1. Sepharose 6 B gel filtration of glutaraldehyde cross-linked haemoglobin. Native (a) and cross- 
linked haemoglobin in the deoxy state (b) and in the oxy state (c). Immobilizations: 0.05 M phosphate 
buffer, pH 7.2, containing 100 mg/ml haemoglobin, 3.3 mg/ml glutaraldehyde at 20”. Gel filtration: bed 
volume 110 ml, 1 ml samples were eluted with 0.1 M phosphate buffer pH 6.8 at a flow rate of 9 ml/hr. 
Molecular weights markers: dextran blue, ~y~glob~n, pyruvate kinase, aldolase and haemoglobin. 

The shape of the oxidation-reduction equilibrium 
curves was estimated by n (linear regression from 
Y = 0.15 to Y = 0.85 on Hill plots of oxidation- 
reduction equilibria) for different pH (Fig. 3). 
Haemoglobin i~obilization in the oxy or ferri state 
suppressed cooperativity whereas cooperativity of 
haemoglobin cross-linked in the deoxy-state is only 

I I I s 

6 7 8 9 

PH 

Fig. 2. Relation of the half-~tenti~ (Et) to pH at 25” in 
phosphate and borate buffers. Native haemoblogin (a) and 
cross-linked in the oxy state (W) in the ferri state (Cl) and 
in the deoxy state (A). Immobilizations: 0.05 M phosphate 
buffer, pH 7.2, containing 100 mg/ml haemo~obin, 

3.3 mg/ml glutaraldehyde at 20”. 

reduced. Hill numbers smaller than 1 have been 
already measured for oxygen binding with the same 
preparation of cross-linked soluble polymers and 
have been explained by the heterogeneity of the 
polymers preparation [16]. 

Effect of gl~u~a~de~~de on a~toxi~tio~ kinetics 

Autoxidation kinetics were followed in 0.1 h?i 
phosphate buffer from 10 to 55”. Kinetic and ther- 
modynamic analysis was carried out with the initial 
rates of autoxidation. ~ermodynamic parameters 
for the activation of autoxidation in the pH range 
5.5-8 of native oxyhaemoglobin and haemoglobin 
cross-linked by glutaraldehyde in the oxy and deoxy 
states are summarized in Table 1. Autoxidation rates 
of cross-linked haemoglobin were up to four times 
greater than that of native haemoglobin. 

1 ’ 8 1 I 

8 7 8 9 

PH 

Fig. 3. Relation between n and pH in the oxidation equi- 
librium in 0.3 M phosphate and borate buffers at 25”. Native 
haemoglobin (0) and cross linked in the oxy state (II) in the 
fen-i state (Cl) and in the deoxy state (A). Immobillzations: 
0.05 M phosphate buffer, pH 7.2, containing 100 mg/ml 

haemoglobin, 3.3 mgjml ~utar~dehyde at 20”. 
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Table 1. Thermodynamic parameters for the activation of autoxidation of native haemoglobin and 
haemoglobin cross-linked in the oxy or deoxy states. Immobilizations: 0.05 M phosphate buffer, pH 7.2, 
containing 100 mg/ml haemoglobin, 3.3 mg/ml glutaraldehyde at 20”. Autoxidation kinetics: 0.1 M 

phosphate buffer, temperature range from 10 to 55” 

Autoxidation pH 

5.5 

6.0 

7.0 

7.5 

8.0 

Native haemoglobin Ea AH;: ASof AG;; 
or cross-linked as Kcal/mol Kcal/mol Cal/m01 K Kcal/mol 

Native haemoglobin 34.6 34.0 31 24.7 
Oxy state 29.4 28.8 15 24.3 
Deoxy state 29.8 29.2 16 24.3 
Native haemoglob~ 33.3 32.7 26 24.9 
Oxy state 30.4 29.9 18 24.5 
Deoxy state 30.1 29.5 17 24.5 
Native haemoglobin 34.3 33.8 27 25.7 
Oxy state 32.1 31.5 22 25.1 
Deoxy state 30.3 29.8 16 25.0 
Native haemoglobin 32.5 31.9 20 26.0 
Oxy state 33.2 32.6 23 25.8 
Deoxy state 32.1 31.5 21 25.2 
Native haemoglobin 34.7 34.1 27 26.1 
Oxy state 36.2 35.6 34 25.4 
Deoxy state 35.5 35.0 32 25.4 

There is no significant difference between autoxi- 
dation rates of haemoglobin cross-linked in the oxy 
or in the deoxy state. The dependence of the rate of 
ferrihaemoglobin formation, at a given temperature, 
upon pH for native and immobilized haemoglobin is 

I 1 I 

6 7 6 
PH 

Fig. 4. pH dependence of auto~dation rates for cross- 
linked soluble polymers and native haemoglobin. Haemo- 
globin cross-linked in the oxy state (e) in the deoxy state 
(A) and native haemoglobin (0). Immobilizations: 0.05 M 
phosphate buffer, pH 7.2, containing 100 mg/ml haemo- 
globin, 3.3 mg/ml glutaraldehyde at 20”. Autoxidation kin- 
etics: air-saturated 0.1 M phosphate buffer, at, from the 

bottom to the top, 10, 30,40 and 55”. 

summarized in Fig. 4. Pseudo first order constants 
of cross-linked haemo~obin are less sensitive to pH 
than that of native haemoglobin. The autoxidation 
rate difference between native and cross-linked 
haemoglobin becomes greater at basic pH than at 
acidic pH, as the temperature is increased. 

E#ect of glutara~de~yde on stability towards heat and 
urea 

In order to appraise the stability of cross-linked 
haemoglobin towards denaturant agents, the effects 
of a physical agent (temperature) and of a chemical 
reagent (urea) were examined. The stability of cross- 
linked polymers towards heat was studied by fol- 
lowing the production of insoluble protein as a func- 
tion of time. 

Thermodynamic parameters for activation deter- 
mined at pH 7 for haemoglobin cross-linked in the 
oxy, deoxy and ferri state, and compared to native 
oxy and ferri haemoglobin are summarized in Table 
2. As a general rule, changes in enthalpy and entropy 
of activation are decreased after cross-linking. This 
decrease in activation parameters is p~icul~ly 
important in the case of ferrihaemoglobin. The cross- 
linking by glutaraldehyde stabilizes haemoglobin at 
high temperature and destabilizes it at low tem- 
perature. So, the isokinetic temperatures for haemo- 
globin cross-linked in the oxy, deoxy and ferri state 
are respectively 58, 60 and 51”. 

The pH dependence of the denaturation rate at 
60” is summarized in Fig. 5 and is similar to that 
earlier reported by Lewis [24] and Levy et al. [25]. 
Whatever the ligation state and the oxidation state 
of the protein at the time of the cross-linking, the 
denaturation rates of cross-linked polymers are 
reduced compared to native oxy and ferri haemo- 
globin and are less sensitive to pH. 

As for thermal denaturation, native and cross- 
linked ferrihaemoglobin are more sensitive to urea 
denaturation than native and cross-linked oxy- 
haemoglobin. The effect of crosslinking of haemo- 
globin upon pseudo first order constants of 
denaturation reactions is dependent on pH (Fig. 6). 
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Table 2. Thermodynamic parameters for the activation of thermal denaturation of native haemo- 
globin and cross-linked haemoglobin. Immobilizations: 0.5 M phosphate buffer, pH 7.2, containing 
100 mg/ml haemoglobin, 3.3 mg/ml glutaraldehyde at 20”. Denaturation kinetics: 0.1 M phosphate 

pH 7 buffer, temperature range from 55 to 72 

Native haemoglobin 
or cross-linked as 

Ea 
Kcal/mol 

AH;: 
Kcal/mol 

AS”+ 
Cal/mol/K 

AG;: 
Kcal/mol 

AG$ 
Kcal/mol 

Native oxyhaemoglobin 
Oxy state 
Deoxy state 
Native 
ferrihaemoglobin 
Ferri state 

74.2 73.6 153 28.0 21.1 
61.3 60.7 114 26.8 21.6 
59.2 58.6 108 26.4 21.4 

85.4 84.8 190 28.0 18.8 
48.1 47.5 75 25.1 21.7 

Glutaraldehyde cross-linking stabilizes haemoglobin 
against urea denaturation only at acidic pH and when 
haemoglobin is cross-linked in the oxy state. On the 
other hand, whatever the pH ferrihaemoglobin is 
stabilized by glutaraldehyde cross-linking. 

It was observed, as already shown for urea and 
alkali denaturation [22] that the spectra of urea 
denaturated haemoglobin and of thermally 
denaturated haemoglobin (precipitate solubilized in 
a mixture of sodium dodecyl sulfate and B mer- 
captoethanol) were identical to spectra of hem- 
ichromes (result not shown). 

DISCUSSION 

A detailed structural interpretation of the findings 
reported above is of course difficult, due to the lack 
of information on the number and the identity of 
the groups involved in the cross-linking, and to the 
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Fig. 5. pH dependence of thermal denaturation rates for 
cross-linked soluble polymers and native haemoglobin. 
Haemoglobin cross-linked in the oxy state (W) in the deoxy 
state (A) in the ferri state (0) and native haemoglobin in 
the oxy (0) and in the ferri state (0). Immobilizations: 
0.05 M phosphate buffer, pH 7.2, containing 100 mg/ml 
haemoglobin, 3.3 mg/ml glutaraldehyde at 20”. 

Denaturation kinetics: 0.1 M phosphate buffer at 60”. 

heterogeneity of the cross-linked haemoglobin prep- 
arations, However, it is possible to draw observations 
regarding the effects of glutaraldehyde on the 
protein. 

Heterogeneity of glutaraldehyde-cross-linked soluble 
polymers 

The heterogeneity of cross-linked soluble poly- 
mers is not restricted to molecular weights (Fig. 1). 
We have previously shown [16] by electrophoresis 
that glutaraldehyde modified haemoglobin (without 
polymerization) is chemically heterogeneous and 
that the reactivity of glutaraldehyde is more impor- 
tant with the oxy form than with the deoxy form. 
This explains the higher degree of polymerization 
obtained with oxy- than with deoxyhaemoglobin. 
However, the biochemical properties of glutar- 
aldehyde-cross-linked haemoglobin are rather 
related to the chemical modification of the protein 

x 
P 

-0 

o- 

-1 - 

-2- 

5 

1 

8 7 

PH 

8 

Fig. 6. pH dependence of urea denaturation rates for cross- 
linked soluble polymers and native haemoglobin. Haemo- 
globin cross-linked in the oxy state (W) in the deoxy state 
(A) in the ferri state (0) and native haemoglobin in the 
oxy (0) and in the ferri state (0). Immobilizations: 0.05 M 
phosphate buffer, pH 7.2, containing 100 mg/ml haemo- 
globin, 3.3 mg/ml glutaraldehyde at 20”. Denaturation kin- 
etics: 0.1 M phosphate buffer at 20”, urea concentration: 
10 M (oxyhaemoglobin) and 8 M (ferrihaemoglobin). The 
pseudo first order constants measured correspond to initial 

velocities. 
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than to its polymerization degree since oxygen affin- 
ities of glutaraldehyde modified haemoglobin (with- 
out polymerization), cross-linked soluble polymers 
and insoluble polymers are not very different. 

Effect of glutaraldehyde upon oxidation-reduction 
potentials 

Whatever the oxidation and the ligation state of 
haemoglobin at the time of glutaraldehyde cross- 
linking, we have observed a decrease of oxidation- 
reduction potentials, an important decrease of coop- 
erativity and an unchanged oxidation Bohr effect. 
These results for oxidation-reduction equilibria can 
be compared to those obtained for oxygen equilibria 
of glutaraldehyde-cross-linked haemoglobin [16] for 
which we have shown an increase of oxygen affinity, 
a suppression of cooperativity and an unchanged 
Bohr effect. 

A correlation between an increase in oxygen affin- 
ity and a decrease in redox potential has been already 
shown with chemically modified haemoglobin by sev- 
eral authors [17,26]; the mechanisms that control 
the oxidation-reduction equilibria would be the same 
as those that control the oxygen equilibria and may 
be correlated to the similarity of the conformation 
of ferrihaemoglobin and of oxyhaemoglobin [27]. 
Furthermore the modification of redox potential, as 
for oxygen affinity, is greater with increasing reaction 
of glutaraldehyde with the haemoglobin. So, the 
change in oxidation-reduction potential of haemo- 
globin cross-linked in the deoxy state, compared to 
native haemoglobin, is smaller than for haemoglobin 
cross-linked in the oxy or ferri state. We have already 
shown that the modification of haemoglobin with 
glutaraldehyde was greater when dealing with oxy- 
haemoglobin than when dealing with deoxyhaemo- 
globin. On the other hand the decrease in the redox 
potential of haemoproteins has already been cor- 
related with the exposure of the haem to the aqueous 
solvent [28]. 

Homotropic interactions in oxidation-reduction 
equilibria of cross-linked haemoglobin are reduced, 
particularly in the case of cross-linked oxy or ferri- 
haemoglobin for which chemical modifications are 
more significant. However, contrary to the situation 
for oxygen equilibria, homotropic interactions are 
not totally suppressed. This seems to indicate dif- 
ferent mechanisms of haem-haem, interactions for 
oxygen equilibria and for oxidation-reduction 
equilibria. 

Effect of glutaraldehyde upon autoxidation 

Whatever the pH, glutaraldehyde cross-linking 
increases the autoxidation rates of oxyhaemoglobin, 
and haemoglobin cross-linked in the oxy or deoxy 
state is oxidized at the same rate. It has been shown 
that aminoacid substitution in the protein does 
influence the susceptibility of the haemoglobin to 
autoxidation [20,29]. Autoxidation rate differences 
correlate well with steric hindrance in the haem 
pocket; as steric hindrance decreases, the rate of 
autoxidation increases. Moreover studies on model 
compounds show that a decrease in steric hindrance 
lowers the oxidation potential and increases oxygen 
affinity [30]. For cross-linked haemoglobin, decrease 
of the redox potential, increase of oxygen affinity 

and increase of autoxidation rates could be explained 
by an opening of the haem pocket after the glutar- 
aldehyde cross-linking. 

The dependence of the rate of autoxidation upon 
pH is reduced for cross-linked haemoglobin com- 
pared to native haemoglobin. The groups involved 
in the effect of pH on autoxidation rates for native 
haemoglobin are not identified. The linear depen- 
dence of the rate upon (H+) was explained by Wal- 
lace et al. [20] as a specific acid catalysis which 
involves the protonation of a site on the protein with 
a pka below 5. The autoxidation rate at atmospheric 
pop would be: Rate = kl (Nucleophile) (HbOz) 
(H+)/Ka + (H+) + k2 (Nucleophile) (HbOr) Ka/ 
Ka + (H+) with kl S k2. 

The decrease in the slopes after glutaraldehyde 
cross-linking, whatever the temperature (Fig. 4) 
could be explained by an increase in the pka of the 
group involved in the acidic catalysis. However as 
the temperature increases the slope decreases. This 
could be explained by an increase in the k2 constant 
(autoxidation rate constant of the unprotonated form 
of oxyhaemoglobin) with increased temperature. 
This effect would be greater at basic pH. In fact at 
basic pH the value of the pseudo first order constant, 
compared to native haemoglobin, is controlled by 
the activation entropy change (Table l), whereas at 
acidic pH the decisive factor is activation enthalpy 
change. The modification of the dependence of the 
rate of autoxidation upon pH, after cross-linking, 
could be also explained by a deformation or an 
opening of the haem pocket which would increase 
the accessibility of the nucleophiles to the iron. 

Effect of glutaraldehyde on stability 

The stability of cross-linked haemoglobin, com- 
pared to native haemoglobin, depends greatly on the 
nature of the denaturing agent, on the temperature 
range and on the pH. Whatever the denaturation pH 
and whatever the ligation state and the oxidation 
state of haemoglobin at the time of immobilization, 
glutaraldehyde stabilizes haemoglobin against ther- 
mal denaturation at high temperature. Oxyhaemo- 
globin is better stabilized when immobilized in the 
oxy state than in the deoxy state; this is in agreement 
with the fact that glutaraldehyde reacts better with 
oxyhaemoglobin than with deoxyhaemoglobin as we 
have previously shown [16]. However the glutar- 
aldehyde cross-linking stabilizes ferrihaemoglobin 
better than oxyhaemoglobin in spite of a similarity 
in structure [27]. The decisive factor in the sta- 
bilization at high temperature by cross-linking is the 
decrease in entropy of activation (Table 2). Native 
ferrihaemoglobin has a greater entropy of activation 
than native oxyhaemoglobin; so the stabilization by 
glutaraldehyde cross-linking is more efficient for 
ferrihaemoglobin than for oxyhaemoglobin. The pH 
dependence of the denaturation rates for native 
haemoglobin was interpreted by Levy and Benaglia 
[25], Glutaraldehyde cross-linking does not change 
the shape of the curve to a great extent but probably 
alters the pka of the groups involved in the 
denaturation process because the sensitivity of 
denaturation rates to pH is reduced. 

Urea denaturation of haemoglobin is not as well 
understood as thermal denaturation. Urea acts as an 
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excellent hydrogen-bonding agent and at least in part 
by altering the solvation of exposed hydrophobic 
side chains in the denatured state [31]. In fact 
giurar~dehyde cross-linking stabilizes only ferri- 
haemoglobin against urea denaturation whatever the 
pH. The denaturation scheme generally accepted for 
oxyhaemoglobin is: Oxyhaernoglobin + Ferri- 
haemoglobin + Hemichromes + precipitates 
132,331. 
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Glutaraldehyde stabilizes in particular ferri- 
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