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Abstract

The complex oligomeric assembly of the hemoglobin subunits may influence the autoxidation rate. To understand this relation, the rate of
autoxidation was studied at pH 9.0, where the Glossoscolex paulistus Hemoglobin (GpHb) dissociates. At alkaline pH, this hemoglobin is
dissociated into monomers, trimers and tetramers, allowing the study of the integral protein and monomer subunit autoxidation on
independent experiments. The autoxidation rate was evaluated in the presence and absence of cyanide (CN™), a strong field ligand to the
ferric ion. The oxidation kinetic was monitored using the UV—vis absorption at 415 nm, and resulted in: i) bi-exponential kinetics for the
whole hemoglobin (indicating a fast and a slow oxidative process) and ii) mono-exponential for the monomer (indicating a single process).
To understand the specific characteristics of each autoxidation process, Arrhenius plots allowed the determination of the activation energy.
The experimental results indicate for the whole hemoglobin in the absence of CN ™ an activation energy of 150410 kJ mol " for the fast and
the slow processes. Under the same conditions the monomer displayed an activation energy of 160410 kJ mol™", very close to the value
obtained for the integral protein. The pseudo-second order rate constant for the whole protein autoxidation by CN™ showed two different
behaviors characterized by a rate constant k&n;=0.114£0.02 s™' mol™! L for CN~ concentrations lower than 0.012 mol L™'; and
kén1=0.76£0.04 s mol ' L at higher concentrations for the fast process, while the slow process remain constant with kcn;=0.0330.002
s~' mol™' L. The monomer has a characteristic rate constant of 0.041+£0.002 s~' mol™' L for all cyanide concentrations. Comparing the
results for the slow process of the whole hemoglobin and the oxidation of the monomer, it is possible to infer that the slow process has a
strong contribution of the monomer in the whole hemoglobin kinetic. Moreover, as disulfide linkers sustain the trimer assembly, cooperativity
may explain the higher kinetic constant for this subunit.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The extracellular hemoglobin of Glossoscolex paulistus
(GpHDb) has similar properties of other annelid hemoglobins,
such as molecular weight near to 3.1x10° Da [1] and a
hexagonal double-layered (HBL) oligomeric structure [2].
The hemoglobin of Lumbricus terrestris is one of the most
studied in this class of proteins [3—7], which is constituted
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methemoglobin of Glossoscolex paulistus; oxy-HbGp, oxyhemoglobin of
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by four major globin chains a, b, ¢ and d. These chains
occur in equimolar amounts, chains a, b and ¢ forming a
disulfide-linked trimer, while chain d is an isolated
monomer. Furthermore, measurements of the ratio protein/
heme mass indicate the presence of some amount of
polypeptides named linkers that lack the heme group [§]
and are essential in preserving the integrity of the
hemoglobin molecule [9].

Several observations, suggestions and predictions made
with regard to the quaternary structure of the abcd
tetrameric unit of L. terrestris has been subsequently borne
out by the 5.5 A resolution crystal structure determination of
the whole particle [10]. The analysis of this crystallographic
data shows that the whole molecule consists of 144 globin
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and 36 linker chains. The globin subunits in the particle
were identified by their general globular geometry and are
arranged into 12 substructures each of which is composed of
three (abcd) tetrameric units. The linker chain assembly was
roughly described as a globular folded region located
between two hexagonal layers with three emerging rodlike
portions oriented towards the center of the HBL, associated
to the central cryomicroscopic dense regions [11].

Zhu et al. [12] studied the assembly of the hemoglobin of
L. terrestris at neutral pH and found that the assembly
(association and dissociation of the subunits) depends on the
oxidation state. Particularly, oxidation of the (abcd),
complex with ferricyanide causes complete dissociation
into d monomer and abc trimer, but addition of CN—
maintains the (abcd), complex or reassembles the oxidized
subunits. The assembly properties of the oxyhemoglobin of
G. paulistus at alkaline pH were studied by Imasato and
Agustinho [13,14]. The experimental results shows that the
oxyhemoglobin dissociates at pH 9.0 into dimer of
tetramers-(abcd),, trimers-abc, and monomers d [13] while
the met form dissociates just into trimers and monomers
[14]. Recently, Gelamo et al. [15] showed clearly by SAXS
(small angle X-ray scattering), that radius of gyration of the
oxy-HbGp and the met-HbGp decreases from 110 A at pH
7.0 to 31 A at pH 9.0, indicating the dissociation of the
complex even at high concentration, 3 mg-ml " (~1x10~*
mol L™"). The assembly of the subunits has an important
function in the O, binding for the Human hemoglobin [16].
In fact, studies on the alosteric effect of the Human
hemoglobin indicate that cooperativity is mediated through
the interaction of the subunits.

Many efforts have been devoted to obtain recombinant
heme proteins that present good stability against autoxida-
tion, maintaining low oxygen affinity and higher coopera-
tivity [17-20]. These features are important for efficient
oxygen carriers. The oxygenated form of hemoglobin, as
well as myoglobin, is known to be oxidized easily to ferric
(IIT) met form, which cannot bind molecular oxygen and is
therefore physiologically inactive [21,22]. The hemoglobin
autoxidation is related to the unequal distribution of
electrons along the Fe—O, bond. This confers a superoxide
character to the bound oxygen, allowing the ligand to
dissociate as superoxide anion. The presence of CN~ and
OH™ increases the autoxidation because both are weak
ligands to the ferrous ion and strong ligands to the ferric ion.
The action of both ligands, CN™ and OH ", is to promote the
oxidation by stabilizing the ferric state [23—26]. This low
affinity of cyanide for ferrous porphyrins is caused by the
repulsion between the high electron density on the iron and
the negatively charged cyanide [26].

Two mechanisms of autoxidation of hemoglobins and
myoglobins have been proposed [27]: internal and external
sphere. Gonzalez et al. [28] have discussed several reaction
pathways that may affect the rate constant of the net
reaction. In this way, the rate constant may be affected by
the experimental conditions, pH, oxygen pressure, presence

of ferric ligands, etc. Among the factors influencing the rate
of autoxidation of MbO, and HbO,, the effect of pH has
been widely investigated [21,22,27].

In this work, we show experimental results on the
autoxidation of G. paulistus whole hemoglobin comparing
with the isolated d monomer autoxidation in alkaline
medium. To induce the autoxidation, the hydroxyl and
cyanide ions were used as ligands to the metallic center. The
main purpose of this work is to contribute on the under-
standing of the autoxidation rate of the extracellular
hemoglobins of the giant worm G. paulistus and the relation
with the oligomeric assembly.

2. Methods and materials
2.1. The hemoglobin and monomer preparations

The hemoglobin of G. paulistus was prepared using
freshly drawn blood from worms. The blood sample was
purified by ultra centrifugation and gel filtration in
Sephadex G-200 column at pH 7.0 [13]. The oxymonomer
was obtained from previously purified hemoglobin using the
gel filtration in Sephadex G-200 at pH 9 [13].

2.2. Autoxidation rate measurements

The autoxidation rate of dissociated oligomeric hemo-
globin and monomeric fraction was measured as a function
of temperature in a range between 36 °C and 43.5 °C, pH
9.0 using Tris—HCI buffer. The experiments in the presence
of different amount of cyanide were performed at 38 °C, at
pH 9. In each measurement, a given volume of buffer was
equilibrated in water bath at the desired temperature
previously to the dilution of oxyhemoglobin to the working
concentration (ca. 2.5-3.0 pmol L' based on €415 ym=129
mmol~" L™" em™' [13]). The reaction started immediately
after dilution of hemoglobin. For the studies of the cyanide
effects, the experiments were started after adding an aliquot
of cyanide concentrated solution.

The resonant scattering was used to control the possible
reassembly of the subunits during the study of the integral
protein autoxidation in the presence of cyanide. Light
scattering at 310 nm was measured at 90° in a spectro-
fluorometer by selecting the same wavelength for both
excitation and emission monocromators. Measurements
were corrected for the light scattered by the buffer. The
light scattering for a sample of (2.6+0.1)x107® mol L'
concentration was approximately 10 times higher than the
scattering of the buffer.

2.3. Determination of rate constants
In order to obtain the rate constants of autoxidation, the

absorbance at 415 nm (A44;5) was monitored in time. The
collected data were fitted to a combination of first order
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Fig. 1. Optical absorption spectra of oxyhemoglobin of Glossoscolex
paulistus (solid line) in 20 mmol L™" Tris—HCI buffer (pH 9), 42 °C, 2.5
pmol L™! heme based and spectral changes into hemichrome (dashed line)
due to the autoxidation.

kinetics [21] with two rate constants; characterizing a fast
process and a slow one.

A= AAmaxlexp( - kobslt) + AAmaxzexp( - kobszt) + 4.
(1)

In this equation, ks, and kops, represent first order rate
constants to the fast and slow autoxidation processes,
respectively. Adpa, and Adp,,, are the variation of
absorbance (4,o—A4.,), which corresponds to the total
oxidation of the rapid and slow reacting hemes, respectively.
A, is the absorbance at time ¢ and A, is absorbance at
infinite time. The oxidation of the integral hemoglobin
needed the combination of two exponentials, while the
isolated monomer reaction fitted well with a mono-
exponential.

To avoid too many free parameters during the fitting
session, 4., values were fixed, employing the estimated
values based on long time experiments, where it was
determined the ratio 4 ./4,—o. To establish the experimental
error, three independent experiments were carried out and
the mean value of the fitted constants was used.

3. Results
3.1. Autoxidation at pH 9.0

The spectral changes that characterize G. paulistus
oxidation at pH 9.0 can be observed in Fig. 1: i) the shift
of the Soret band from 415 nm to 412 nm; ii) the shift of the
3 and « bands from 540 nm and 575 nm to 535 nm and 565
nm, respectively. The final spectrum corresponds to the
hemichrome, where the sixth ligand of the iron becomes the

C ok ok, .
Fe(11)(0,) + OH ——2—Fe(l11)(OH") + O; —His>Fe(l11)(His)

Scheme 1.
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Fig. 2. Autoxidation of Glossoscolex paulistus oxyhemoglobin in Tris—HCI
20 mmol L' buffer at pH 9, 43.5 °C and 2.5 pmol L™ heme based.

imidazole of distal histidine residue [29-31]. Thus, during
the process, the iron is converted to the ferric met form, and
the hydroxyl ion remains bound to the Fe(Ill) at the sixth-
coordinate position to form hydroxide-methemoglobin
[32,33].

In fact, Tsuruga et al. [22] presented results that imply a
nucleophilic displacement of O, from the (3 chain of human
oxyhemoglobin by entering a water molecule or hydroxyl
ion. This process is the rate-limiting step; and the
subsequent conversion of the met form into hemichrome
is very fast, i.e., ky;; =k (see Scheme 1). A similar process
may be associated to the autoxidation of G. paulistus
hemoglobin.

Scheme 1 shows the global reaction at pH 9.0; never-
theless, to understand the detailed aqueous autoxidation
mechanism, experiments at different pH are necessary
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Fig. 3. Arrhenius plot for autoxidation of whole Glossoscolex paulistus
hemoglobin: first component ks (@) and second component kg, (H).
The autoxidation rates of oxyhemoglobin were measured at 20 mmol L™
Tris—HCI buffer (pH 9). Error bars were determined from three independent
experiments.
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Fig. 4. Plot of first-order kinetic for autoxidation of Glossoscolex paulistus
monomer, chain d, in Tris=HCI 20 mmol L™! buffer at pH 9, 43.5 °C.

according to the results on other hemoproteins [34-37].
Experiments of other authors indicate that increasing the
hydrogen ionic concentration (acid pH), the reaction is
assisted by the H' ion (proton-relay mechanism [22]). Since
of GpHb monomer presents the distal histidine, as in the
human Hb case, a similar process may take place. At alkaline
pH, the nucleophilic displacement by OH ™ is observed in the
human Hb. Thus, both ions H" and OH™ may enhance the
autoxidation rate in the GpHb. However, the experimental
work presented in this article at just one pH is rather limiting
[27] and more experiments at different pH are being carried
out to elucidate the mechanism of aqueous autoxidation and
the oligomeric assembly of the GpHb.

The autoxidation of the whole G. paulistus hemoglobin
monitored spectrophotometrically at 415 nm (Fig. 2)
showed a complex behavior as observed earlier with the
human Hb at pH 6.5 [21]. The oxidation of the GpHb was
fitted by combining two first order kinetics, Fig. 2 displays
one example at 43.5 °C. Any attempt to fit the experimental
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Fig. 5. Arrhenius plot of rate constants of monomer (M) and the second
component ks, (@) of whole Glossoscolex paulistus hemoglobin. Error
bars were determined from three independent experiments.

Table 1
Autoxidation rate constants in alkaline pH of hemoglobins and myoglobins
Globin kops (W71
Glossoscolex paulistus Integral Fast process 2.4
Slow process 0.36
Monomer d 0.36
Human hemoglobin Chains « 0.052 [17]
Chains p 0.089 [17]
Bovine oxymyoglobin 0.011 [32]
Perinereis brevicirris Subunit 1 1.32 [33]
Subunit 2 0.17 [33]

data with just one kinetic process were completely
unsuccessful. Fluorescence and chromatographic studies
indicated that the GpHb is dissociated at alkaline pH [13].
Then, the two kinetic processes may be related to
dissociated subunits. In fact, the observed nonequivalent
autoxidation is related to two populations of heme groups
each one reacting according to the observed kops, and ks,
respectively.

The rate constants values, kqps, and kops, obtained at
different temperatures, are presented as Arrhenius plots in
Fig. 3. The activation energies for the autoxidation reactions
were evaluated to be £,=E,=150+10 kJ mol™' related; to
the first and second components, respectively.

Fig. 4 shows an example of the autoxidation data
obtained for the isolated d fraction of G. paulistus
hemoglobin at 43.5 °C. The logarithmic plot (In(4,—4.,)
vs. time), clearly shows a linear relation, indicating the
presence of just one kinetic process. From the slope, the
observed first order rate constants were determined at
different temperatures; and the corresponding Arrhenius
plot is shown in Fig. 5. In this case, the activation energy for
the isolated monomer was 160410 kJ mol™".

The components of G. paulistus hemoglobin showed rate
constants (Table 1) higher than the human hemoglobin
isolated chains [22] and bovine oxymyoglobin [38], in
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Fig. 6. Spectral change upon the autoxidation of Glossoscolex paulistus
hemoglobin (2.6 pmol L~ heme based) in the presence of 0.023 mol L!
cyanide, Tris—HCI buffer 20 mmol L' (pH 9.0) at 38 °C. Oxyhemoglobin
(solid line) and methemoglobin-cyanide (dashed line).
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Fig. 7. The observed first order rate constants, Kqps, (A ) and kqps, (@), as a
function of potassium cyanide concentrations. The slope of the graph
corresponds to k¢ni, k¢ and kceno, the rate constants for the cyanide-
induced oxidation of hemoglobin in s™' mol' L. Conditions:
(2.6£0.1)x107° mol L™ hemoglobin in 20 mmol L™" Tris—HCI buffer,
pH 9.0 at 38 °C. Error bars were determined from three independent
experiments.

agreement with Suzuki et al. [34]. Suzuki et al. observed
two subunits isolated of Perinereis brevicirris extracellular
hemoglobin with much higher autoxidation rates than that of
bovine oxymyoglobin at alkaline pH. It seems that the
components of G. paulistus hemoglobin present the hydro-
phobic pocket more accessible to the solvent than that of
mammalian hemoproteins.

3.2. Autoxidation in the presence of cyanide

Fig. 6 shows the spectral changes due to the autoxidation
of GpHb in the presence of potassium cyanide. In the
presence of cyanide, the process is characterized by: 1) the
shift of the Soret band from 415 nm to 420 nm and; ii) the
change of the a and P bands from 575 nm and 540 nm to only
one broad band at 540 nm. The last spectrum corresponds to a
cyanide—metHb complex (CN-metHb) [14].

As in the absence of cyanide, the kinetic behavior was
complex and a combination of two first-order processes were
necessary to achieve the best fitting for the whole GpHb. The
rate constants determined at different KCN concentrations
allowed the determination of the pseudo-second order
constant kcy as indicated in Fig. 7. Clearly, the fast process
kobs, shows two different constants. For concentrations

Table 2
Rate constants for the displacing oxidation of Glossoscolex paulistus
hemoglobin by cyanide

Glossoscolex paulistus hemoglobin kenw s7'mol™ ' L)

Integral Fast process ken 0.11+0.02
ks 0.76+0.04

Slow process (kcnz) 0.033£0.002

Monomer d 0.04140.002

ként was obtained using the data for cyanide concentration lower than
0.010 mol L™" and k¢, for concentration higher than 0.010 mol L™".
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Fig. 8. Plot of pre-exponentials factors ratio A4, (fast process) and
A A max, (slow process) as a function of cyanide concentration. Error bars
were determined from three independent experiments.

lower than 0.010 mol L™! was k¢n=0.11+0.02 s~ mol ™!
L and for concentrations higher than 0.12 mol L' was
kéni1=0.76+0.04 s~' mol™' L. kcnp remain unchanged for
all concentrations, equal to 0.033+0.002 s~' mol™' L
(Table 2). These observations can be correlated with the
analysis of the ratio of the pre-exponentials factors A4,y /
AA ax, (see Eq. (1)). This ratio is constant and close to one
until 0,008 mol L' of CN"; increasing to 3 at 0.023 mol
L' of CN™ (Fig. 8).

Zhu et al. observed that the presence of cyanide cause re-
assembly of the subunits of the L. terrestris hemoglobin
[12]; in this way the autoxidation kinetic of HbGp in the
presence of cyanide was studied also by light scattering at
90°. Silva and coworkers [39] used this experiment to
monitor the assembly of the subunits of the HbGp under
hydrostatic pressure. Fig. 9 shows the intensity collected at
90° for both the excitation and emission monocromators at
310 nm. We selected two cyanide concentrations for testing
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Fig. 9. Light scattering of the integral hemoglobin of G. paulistus measured
at 90° of the incident light (=310 nm) during the autoxidation process (2.6
pmol L™ ! heme based) in the presence of 0.006 mol L' (@) and 0.016 mol
L' (A) of cyanide, Tris—HCI buffer 20 mmol L' (pH 9.0) at 20 °C.
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Fig. 10. The observed rate constants plot of second component, ks, (¥) of
whole Glossoscolex paulistus hemoglobin and of monomer (@) as a
function of cyanide concentrations. Error bars were determined from three
independent experiments.

the resonant scattering, both are related with the change in
slope observed in the ks of the fast autoxidation process
(0.006 mol L™" and 0.016 mol L™"). The experimental data
with both concentrations have similar behaviors, see Fig. 9;
after the addition of cyanide (first point) the intensity decays
to a value that remains constant till the end of the
experiment. The decay associated to the addition of the
cyanide may be related to further dissociation promoted by
the presence of the cyanide ion (probably due to a change on
the ionic strength), however, the fact that after the first point
the intensity remains constant, gives a strong evidence that
the particle that produce the scattering remains the same; a
clear indication that the hemoglobin assembly does not
change during the autoxidation process.

The oxidation of the monomer in the presence of cyanide
was also analyzed (Fig. 10). As in the buffer experiments, just
one rate constant was enough to describe the oxidation kinetic
experiment (UV-vis absorption at 415 nm vs. time). The
dependence of ks for the monomer with KCN concentration
is shown in Fig. 9 and the pseudo-second order rate
determined from these data was 0.041+0.002 mol ' Ls™".

4. Discussion

According to Figs. 5 and 9 it is possible to verify that the
observed rate constant of the slow process of the whole
protein and of the isolated monomer d are very well
correlated either in the absence or in the presence of
cyanide. These two information indicate that the monomer
autoxidation dominates the slow process, and the trimer in
the integral protein dominates the fast process. Assuming
that the fast process could be associated to the trimer, this
autoxidation can be rationalized considering two features: 1)
the possible cooperative effect in the trimer and ii) the
lowest oxygen affinity for the trimer in relation to monomer.

Cooperativity effect is usually observed for the oxygen
binding in the tetrameric hemoglobin as well as in trimer of
worm hemoglobin [40]. The binding of the first cyanide to
the first heme of the trimer, facilitates the bonding of
cyanide to the hemes located in other chains, i.e., the
binding of the first cyanide can be propagated to the other
chains through conformational changes in the first oxidized
chain, rendering the other subunits more susceptible to
oxidation. This cooperativity can be based on the fact that
chains a, b and c¢ are linked by disulfide bonds and
according to Ackers and coworkers [16], the interaction
between the subunits is the key property for cooperativity.
The transition from the oxy form to the cyan-met form
presents a highly irreversible character, different from the
equilibrium of O, binding usually found in cooperativity
studies. This irreversibility renders difficult the quantifica-
tion of the cooperativity in the reaction studied in this article
manifested as a higher rate constant.

Hemoglobins with low oxygen affinity have been
reported to exhibit a high rate of autoxidation, showing
that the oxidation rate seems to be inversely proportional
to the oxygen affinity [41]. In fact, the increase
autoxidation rates observed appear to be due to a decrease
in oxygen affinity and an increase in solvent anion
accessibility to the distal pocket [23]. Furthermore,
Fushitani at al. described that the trimer of L. ferrestris
presents lower affinity to oxygen (log Pso~0.7 pH 7.0)
than monomer (log Pso~—0.2, pH 7.0) [40]. This behavior
is related with the effects of the presence of distal
histidine, i.e., steric accessibility, hydrogen bonding, and
local polarity that play relevant roles in regulating the rate
of heme iron autoxidation [18,20,23,24,35-37,42].

Recently, it was defined the chemical structure of the
monomeric chain of G. paulistus and the modeling was
performed [43]. The chain d of this hemoglobin has a
tryptophan residue in the B10 position and the distal residue
is a histidine (E7). Among the distal heme pocket residues,
the B10 is known to be very relevant for the O, binding, in
addition to the significant influence of the E7 residue [42].
Kamimura et al. described that it is possible that the B10-
Phe at position 32 is stabilizing the bound O, in Tokuna-
gayusurika akamusi hemoglobin V [35]. Carver et al. [17],
Brantley et al. [18] and Jeong [19] showed that the mutation
at the B10, the exchange of the leucine by others residues, in
globin molecules increased the stability against autoxidation
or suppressed completely the autoxidation showing the
straight correlations of the autoxidation and affinity to the
oxygen molecule.

It is worth to mention that the monomer of G. paulistus d-
chain presented 55% of sequence identity with the L.
terrestris d-chain (d1) [43]. Since the trimer chemical
structure of G. paulistus is not solved yet, the L. terrestris
trimer sequence could be used to give information about the
system, helping to explain the lower stability of the trimer in
the autoxidation process in relation to the monomer. In fact,
chain ¢ of the trimer is the unique that presents the leucine



A.L. Poli et al. / Biophysical Chemistry 114 (2005) 253-260 259

residue in B10 position similarly to the human hemoglobin.
In this way, the leucine could be the pivot of the low stability
of trimer due to the non-polar properties of its side chain. On
the other hand, the d monomer of G. paulistus presents a
residue of tryptophan in the B10 position, which has high
polarity and a side group with great volume. Therefore, the
tryptophan could stabilize O, as a sixth ligand of the
monomer heme in a similar way of phenylalanine [35].

Since the trimer structure is held by covalent linkage, and
chain ¢ presents the leucine in B10 position, it could be the
first to oxidize. The effect of this change would propagate to
the other chains making them more susceptible to the
oxidation by cooperative effect. Other studies to test this
hypothesis are being developed in our group.

Finally, the evaluated activation energies for the autox-
idation reactions were £,=E,=150+ 10 kJ mol ! for the first
and second components of whole hemoglobin and isolated
monomer, respectively, and 160+10 kJ mol ' from the
isolated monomer d data. These values are similar,
suggesting that the same autoxidation mechanism takes
place for all hemoglobin components.

5. Conclusions

The autoxidation of G. paulistus whole hemoglobin in the
presence of the anionic ligands cyanide and hydroxyl showed
a complex behavior described by a combination of two first-
order kinetics. The slower process was identified to be the
monomer autoxidation and the fast process may be attributed
to the autoxidation of the trimer, i.e., the monomer is more
stable against the autoxidation. The cyanide presented a
larger effect in the autoxidation rate than the hydroxyl
probably because cyanide is a stronger ligand than hydroxyl
to ferric ion. However, in both experiments, in the presence of
the hydroxyl and cyanide ions, it was possible to discriminate
two populations of globin in the whole hemoglobin.
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