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Abstract
Haptoglobin (Hp) binds human hemoglobin (Hb), contributing to prevent extra-erythrocytic Hb-induced damage. Hp forms 
preferentially complexes with αβ dimers, displaying heme-based reactivity. Here, kinetics and thermodynamics of fluoride 
and azide binding to ferric human Hb (Hb(III)) complexed with the human Hp phenotypes 1-1 and 2-2 (Hp1-1:Hb(III) and 
Hp2-2:Hb(III), respectively) are reported (pH 7.0 and 20.0 °C). Fluoride binds to Hp1-1:Hb(III) and Hp2-2:Hb(III) with a 
one-step kinetic and equilibrium behavior. In contrast, kinetics of azide binding to and dissociation from Hp1-1:Hb(III)(–N3

−) 
and Hp2-2:Hb(III)(–N3

−) follow a two-step process. However, azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) is character-
ized by a simple equilibrium, reflecting the compensation of kinetic parameters. The fast and the slow step of azide binding to 
Hp1-1:Hb(III) and Hp2-2:Hb(III) should reflect azide binding to the ferric β and α chains, respectively, as also proposed for the 
similar behavior observed in Hb(III). Present results highlight the ligand-dependent kinetic inequivalence of Hb subunits in the 
ferric form, reflecting structural differences between the two subunits in the interaction with some ferric ligands.

Graphical abstract

Keywords  Human haptoglobin 1-1:hemoglobin complex · Human haptoglobin 2-2:hemoglobin complex · Azide binding · 
Fluoride binding · Kinetics · Thermodynamics

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00775-019-01642-9&domain=pdf


248	 JBIC Journal of Biological Inorganic Chemistry (2019) 24:247–255

1 3

Abbreviations
CCP domain	� Complement control protein domain
Hb	� Human hemoglobin
Hb(III)	� Ferric Hb
Hp	� Human haptoglobin
Hp1-1	� Phenotype 1-1 of Hp
Hp2-2	� Phenotype 2-2 of Hp
Hp1-1:Hb(III)	� Ferric Hp1-1:Hb complex
Hp2-2:Hb(III)	� Ferric Hp 2-2:Hb complex
SP-like domain	� Serine protease-like domain

Introduction

The release of hemoglobin (Hb) into plasma occurs physi-
ologically during the hemolysis of senescent erythrocytes 
and the enucleation of erythroblasts, or as the consequence 
of severe hematologic diseases and blood transfusion [1–4]. 
As high levels of free Hb in plasma can catalyze the forma-
tion of free radicals and mediate the destruction of cellular 
constituents and extracellular macromolecules, biological 
systems require an efficient mechanism for Hb scavenging 
[5–7]. The molecular chaperone haptoglobin (Hp) binds free 
plasma Hb leading to a very stable non-covalent complex. 
This allows Hb clearance via the reticuloendothelial system 
and the CD163 receptor-mediated endocytosis in hepato-
cytes, Kupffer cells, and tissue macrophages [4, 8–11].

Human Hp is a 90-kDa protein encoded by two different 
alleles (i.e., Hp1 and Hp2) of the HP gene. The occurrence 
of the Hp1 and Hp2 alleles in humans gives rise to Hp1-1 
dimers (linked by the Cys15–Cys15 bridge), Hp1-2 hetero-
oligomers and Hp2-2 oligomers (linked by the Cys15–Cys15 
and Cys74–Cys74 bridges) [12]. The most abundant oli-
gomer of Hp2-2 is the tetramer, but trimers and higher order 
oligomers have been recently observed [11–14]. Hp is a sin-
gle polypeptide chain made up of two α and one β domains; 
it is organized in a serine protease-like (SP-like) domain 
and two complement control protein (CCP) domains [11, 
12, 15–17]. The SP-like domain of Hp forms tight extensive 
interactions with both the α- and β-subunits of Hb, interfer-
ing with the Hb αβ dimer–dimer interface of the native Hb 
tetramer, thus stabilizing the α1β1 dimer [18] and impair-
ing the heme oxidation and release. Moreover, the burying 
of several Hb residues in the Hp:Hb interface shields them 
from oxidative modification [13, 14].

Ferric and ferrous Hp:Hb complexes display functional 
properties that are reminiscent of those of the Hb R-state, 
as expected for the αβ dimers of Hb. In fact, the Hp:Hb 
complexes display a high ligand affinity and reactivity, no 
“heme–heme interactions”, and no Bohr effect [11, 13, 14, 
19–28]. Moreover, two equimolar redox systems are pre-
sent in the Hpl-l:Hb and Hp2-2:Hb complexes reflecting the 
redox potential of the α and β chains (~ 0.05 V and 0.11 V, 

respectively), which are in good agreement with the results 
on tetrameric Hb and the isolated Hb chains [21].

Since ligand binding to ferric Hb has been reported to 
display different behaviors [22, 29], we decided to investi-
gate in detail the reaction of fluoride and azide with ferric 
human Hb complexed with the human Hp1-1 and Hp2-2 
(Hp1-1:Hb(III) and Hp2-2:Hb(III), respectively). The rel-
evance of this study resides on the fact that upon binding 
Hp tetrameric Hb(III) dissociates completely in the α1β1 (as 
well as α2β2) dimers, destroying the α1β2 (as well as the α2β1) 
interactions, which are responsible for most of the coop-
erativity present in the tetrameric assembly [30]. Moreover, 
this investigation represents a unique opportunity to study 
functional properties of the dimeric assembly without the 
interference of the tetrameric population, always present to 
a relevant extent even at the lowest affordable concentra-
tions (i.e., 0.5–1.0 µM) [31]. Kinetics and thermodynam-
ics of fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
are strictly monophasic. However, kinetics of azide bind-
ing and dissociation follow a two-step process, even though 
azide-binding equilibrium curve is characterized by a simple 
hyperbola; it likely reflects the compensation between asso-
ciation and dissociation kinetic parameters. Present results 
highlight the ligand-dependent kinetic inequivalence of Hb 
subunits in the ferric form, reflecting structural differences 
between the two subunits in the interaction with some ferric 
ligands.

Materials

Human Hp1-1 and Hp2-2 were obtained from Athens 
Research & Technology, Inc. (Athens, GA, USA). Human 
oxygenated Hb was prepared as previously reported [24]. 
The oxygenated Hp:Hb complexes were prepared by mixing 
oxygenated Hb with Hp1-1 and Hp2-2 at pH 7.0 and 20.0 °C, 
according to literature [21]. The dimeric Hp:tetrameric Hb 
stoichiometry was 1:1. To avoid the occurrence of free Hb, 
a 20% excess of Hp1-1 and Hp2-2 was present in all samples 
and the absence of free Hb was checked by gel electrophore-
sis [21]. Hp1-1:Hb(III) and Hp2-2:Hb(III) were prepared by 
adding few grains of ferricyanide to the oxygenated Hp:Hb 
solutions [32, 33]. All the other chemicals were purchased 
from Merck AG (Darmstadt, Germany) and Sigma-Aldrich 
(St. Louis, MO, USA). All chemicals were of analytical 
grade and were used without further purification.

Methods

Fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) was 
analyzed in the framework of Scheme 1:
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Values of the apparent first-order rate constants for fluo-
ride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) (i.e., k) 
were obtained by rapid mixing the Hp1-1:Hb(III) and Hp2-
2:Hb(III) solutions (final concentration, 4.8 × 10−6 M to 
5.3 × 10−6 M) with the fluoride solution (final concentration, 
1.0 × 10−3 M to 1.0  M).

Values of k were obtained according to the following 
equations:

depending on the observation wavelength. Hp:Hb(III) indi-
cates either Hp1-1:Hb(III) or Hp2-2:Hb(III). The ampli-
tude of the time courses was normalized to that observed 
at 410 nm.

Values of the apparent second-order rate constant for 
fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) (i.e., 
kon; Scheme 1) and of apparent first-order rate constant 
for fluoride dissociation from Hp1-1:Hb(III)-F- and Hp2-
2:Hb(III)-F- (i.e., koff; Scheme 1) were obtained according 
to the following equation:

Values of the apparent dissociation equilibrium constant 
for fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
(i.e., K = koff/kon; Scheme 1) were determined from the 
dependence of the molar fraction of fluoride-bound Hp1-
1:Hb(III) and Hp2-2:Hb(III) (i.e., Y) on the ligand concen-
tration (i.e., [F−]) according to the following equation:

where n is the Hill coefficient.
Azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) was 

analyzed in the framework of Scheme 2.
Azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) has 

been investigated by rapid mixing the Hp1-1:Hb(III) and 
Hp2-2:Hb(III) solutions (final concentration, 2.1 × 10−6 M 
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(3)k = kon × [F−] + koff.
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n),

to 2.5 × 10−6 M) with the azide solution (final concen-
tration, 2.0 × 10−4  M to 5.0 × 10−3  M). Since for both 
Hp1-1:Hb(III) and Hp2-2:Hb(III) two exponentials were 
observed, values of the two first-order rate constants (i.e., 
k1 and k2) were obtained according to the following equa-
tions [22]:

depending on the observation wavelength. Hp:Hb(III) indi-
cates either Hp1-1:Hb(III) or Hp2-2:Hb(III), and a and b 
indicate the amplitude of the slow and fast binding pro-
cesses, respectively, (a + b = 1). The amplitude of the time 
courses was normalized to that observed at 420 nm.

Values of the apparent second-order rate constant for 
azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) and of 
the apparent first-order rate constant for azide dissociation 
from Hp1-1:Hb(III)-N3

- and Hp2-2:Hb(III)-N3
- (i.e., kon1 

and koff1, and kon2 and koff2, respectively; Scheme 2) were 
obtained according to Eq. 7:

where kon and koff are either kon1 and koff1 or kon2 and koff2.
The value of the apparent dissociation equilibrium con-

stant for azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
(i.e., K = koff/kon; Scheme 2) was determined from the 
dependence of the molar fraction of azide-bound Hp1-
1:Hb(III) and Hp2-2:Hb(III) (i.e., Y) on the ligand concen-
tration (i.e., [N3

−]) according to the following equation:

where n is the Hill coefficient.
Azide and fluoride binding to Hp1-1:Hb(III) and Hp2-

2:Hb(III) was investigated at pH 7.0 (5.0 × 10−2 phosphate 
buffer), at T = 20.0 °C. Azide and fluoride binding to Hp1-
1:Hb(III) and Hp2-2:Hb(III) was monitored by single-
wavelength stopped-flow spectroscopy between 380 and 
460 nm. All kinetic experiments have been carried out 
with the BioLogic SFM-200 rapid-mixing stopped-flow 
apparatus (Claix, France); the dead-time of the stopped-
flow apparatus was 1.4 ms and the observation cham-
ber was 1 cm. All equilibria have been carried out with 
the Agilent 8453 UV–Vis spectroscopy system (Agilent 
Technologies Inc., Santa Clara, CA, USA). The results are 
given as mean values of at least four experiments plus or 
minus the corresponding standard deviation. All data were 
analyzed using the GraphPad Prism program, version 5.03 
(GraphPad Software, La Jolla, CA, USA).
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Scheme 1   Fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III)
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←

Scheme 2   Azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III)
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Results and discussion

Mixing the Hp1-1:Hb(III) and Hp2-2:Hb(III) solutions 
with the fluoride solution induces a shift of the optical 
absorption maximum and of the extinction coefficient 
of the Soret band (Table 1). The values of λmax and ε of 
the absolute absorption spectra of Hp1-1:Hb(III), Hp2-
2:Hb(III), Hp1-1:Hb(III)-F-, and Hp2-2:Hb(III)-F- match 
very well with those of mammalian ligand-free and ligand-
bound Hb(III) and Mb(III) [24]. The kinetic and static 
difference absorbance spectra of Hp1-1:Hb(III) minus 
Hp1-1:Hb(III)-F- (Fig. 1a) and Hp2-2:Hb(III) minus Hp2-
2:Hb(III)-F- (Fig. 1b) match very well each other.

Under all the experimental conditions, the time course 
for fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
corresponds to a single exponential process for more than 
96 ± 5% of its course (Scheme 1, Eqs. 1 and 2, and Fig. 1c, 
d). Values of the apparent pseudo-first-order rate constant 
for fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
(i.e., k), determined according to Eqs. 1 and 2, depend lin-
early on the fluoride concentration (Fig. 1e, f). The analy-
sis of data shown in Fig. 1e, f according to Eq. 3 allowed 
the determination of values of kon (representing the slope 
of the straight lines) and of koff (representing the intercept 
of the straight lines with the ordinate axis) (Table 2) for 
fluoride binding and dissociation, respectively (Table 2).

As shown in Fig. 1g, h, values of Y increase hyperboli-
cally with the fluoride concentration tending to level off 
at Y ≫ K (see Scheme 1, and Eq. 4). The analysis of data 
shown in Fig. 1g, h according to Eq. 4 allowed the deter-
mination of values of K (Table 2). As expected for simple 
equilibria (i.e., data fitting with Eq. 4), values of the Hill 
coefficient n range between 0.99 ± 0.2 and 1.01 ± 0.2.

According to Scheme 1, values of koff/kon for fluoride 
binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) (1.8 × 10−2 M 
and 1.6 × 10−2 M, respectively) are in excellent agreement 
with those of K (= 1.6 × 10−2 M and 1.9 × 10−2 M, respec-
tively) (Table 2).

Mixing the Hp1-1:Hb(III) and Hp2-2:Hb(III) solutions 
with the azide solution induces a shift of the optical absorp-
tion maximum and of the extinction coefficient of the Soret 
band (Table 1). The values of λmax and ε of the absolute 
absorption spectra of Hp1-1:Hb(III), Hp2-2:Hb(III), Hp1-
1:Hb(III)-N3

- and Hp2-2:Hb(III)-N3
- match very well with 

those of mammalian ligand-free and ligand-bound Hb(III) 
and Mb(III) [24].

However, unlike for fluoride, kinetics of azide binding 
are biphasic and the relative amplitude of the absorbance 
changes is 0.48 ± 0.04 and 0.51 ± 0.05 over the whole wave-
length range explored (i.e., between 380 nm and 460 nm). 
On the other hand, thermodynamics of azide binding to 
Hp1-1:Hb(III) and Hp2-2:Hb(III) follows a simple pro-
cess. The kinetic and static difference absorbance spectra of 
Hp1-1:Hb(III) minus Hp1-1:Hb(III)-N3

- (Fig. 2a) and Hp2-
2:Hb(III) minus Hp2-2:Hb(III)-N3

- (Fig. 2b) match very well 
each other.

Under all the experimental conditions, the time course 
for azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) cor-
responds to a two-exponential process for more than 97 ± 4% 
of its course (Scheme 2, Eqs. 5 and 6, and Fig. 2c, d). Values 
of the apparent pseudo-first-order rate constants for azide 
binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) (i.e., k1 and k2), 
determined according to Eq. 7, depend linearly on the azide 
concentration (Fig. 2e, f). The analysis of data shown in 
Fig. 1e, f according to Eq. 7 allowed the determination of 
values of kon1 and kon2 (representing the slope of the straight 

Table 1   Values of λmax and ε of the absolute absorption spectra of 
ligand-free and ligand-bound Hp1-1:Hb(III) and Hp2-2:Hb(III)

pH 7.0 and 20.0 °C

Heme-protein Ligand λmax (nm) ε (M−1 cm−1)

Hp1-1:Hb(III) – 406 171
Hp2-2:Hb(III) – 405 173
Hp1-1:Hb(III) Fluoride 402 148
Hp2-2:Hb(III) Fluoride 402 146
Hp1-1:Hb(III) Azide 418 137
Hp2-2:Hb(III) Azide 402 136

Fig. 1   Fluoride binding to Hp1-1:Hb(III) and Hp2-2:Hb(III), at pH 
7.0 and 20.0  °C. a Kinetic (squares) and static (circles) difference 
absorbance spectra of Hp1-1:Hb(III) minus Hp1-1:Hb(III)-F-. b 
Kinetic (squares) and static (circles) difference absorbance spectra of 
Hp2-2:Hb(III) minus Hp2-2:Hb(III)-F-. c Normalized averaged time 
courses of fluoride binding to Hp1-1:Hb(III). The fluoride concentra-
tion was 2.0 × 10−1 M (trace a), and 5.0 × 10−1 M (trace b). The time 
course analysis according to Eq. 1 allowed the determination of the 
following values of k = 8.8 × 10−1  s−1 (trace a) and k = 2.2  s−1 (trace 
b). d Normalized averaged time courses of fluoride binding to Hp2-
2:Hb(III). The fluoride concentration was 2.0 × 10−1 M (trace a), and 
5.0 × 10−1 M (trace b). The time course analysis according to Eq. 1 
allowed the determination of the following values of k = 9.5 × 10−1 s−1 
(trace a) and k = 2.4  s−1 (trace b). e Dependence of k on the ligand 
concentration for fluoride binding to Hp1-1:Hb(III). The analysis 
of data according to Eq. 3 allowed the determination of the follow-
ing values of kon = 4.2 ± 0.3  M−1  s−1 and koff = (7.6 ± 0.8) × 10−2  s−1. 
f Dependence of k on the ligand concentration for fluoride binding 
to Hp2-2:Hb(III). The analysis of data according to Eq.  3 allowed 
the determination of the following values of kon = 4.6 ± 0.4  M−1  s−1 
and koff = (7.2 ± 0.8) × 10−2  s−1. g Dependence of Y on the ligand 
concentration for fluoride binding to Hp1-1:Hb(III). The analysis of 
data according to Eq.  4 allowed the determination of the following 
value of K = (1.6 ± 0.2) × 10−2  M. h Dependence of Y on the ligand 
concentration for fluoride binding to Hp2-2:Hb(III). The analysis of 
data according to Eq.  4 allowed the determination of the following 
value of K = (1.9 ± 0.2) × 10−2 M. Where not shown, the error bars are 
smaller than the symbols

►
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lines) and of koff1 and koff2 (representing the intercept of the 
straight lines with the ordinate axis) (Table 2).

As shown in Fig. 2g, h, values of Y increase hyperboli-
cally with the azide concentration tending to level off at 
Y ≫ K (see Scheme 2, and Eq. 8). The analysis of data shown 
in Fig. 2g, h according to Eq. 8 allowed the determination of 
values of K (Table 2). As expected for simple equilibria (i.e., 
data fitting with Eq. 8), the values of the Hill coefficient n 
range between 0.98 ± 0.2 and 1.00 ± 0.2.

According to Scheme 1, values of koff1/kon1 and koff2/kon2 
for azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
(1.2 × 10−5 M and 1.4 × 10−5 M, and 1.3 × 10−5 M and 
1.2 × 10−5 M, respectively) are in excellent agreement with 
those of K (= 1.1 × 10−5 M and 1.3 × 10−5 M, respectively) 
(Table 2).

Fluoride binds to Hp1-1:Hb(III) and Hp2-2:Hb(III) 
with a one-step kinetic and equilibrium behavior as 
already reported for human Hb(III) [22]. The same behav-
ior has been also reported for peroxynitrite scavenging 
[32, 34]. In contrast, kinetics of azide binding to Hp1-
1:Hb(III) and Hp2-2:Hb(III) follows a two-step process, 

which is reminiscent to that reported for azide binding to 
tetrameric Hb(III), and isolated α(III) and β(III) chains. 
The heterogeneous azide-binding properties of tetrameric 
Hb(III) have been reported to reflect the different reactivity 
of α(III) and β(III) chains, as already reported by others 
[22, 29]. On this basis, the fast and the slow step of azide 
binding to Hp1-1:Hb(III) and Hp2-2:Hb(III) could reflect 
azide binding to the β(III) and α(III) chains, respectively 
(Table 2). However, azide binding to Hp1-1:Hb(III) and 
Hp2-2:Hb(III) at equilibrium is characterized by the com-
pensation of kinetic parameters. In fact, values of kon1/kon2 
and of koff1/koff2 for azide binding to Hp1-1:Hb(III) are 5.1 
and 4.6, and values of kon1/kon2 and of koff1/koff2 for azide 
binding to Hp2-2:Hb(III) are 5.1 and 5.3. Consequently, 
the two-step kinetic behavior does not find a counterpart 
when ligand binding equilibria are investigated.

Present results open the question of the ligand-dependent 
kinetic inequivalence of Hb subunits in the ferric form. In 
fact, azide, nitrite, thiocyanide, and imidazole binding to 
Hb(III) is biphasic [22, 35], whereas fluoride, and cyanide 
recognition [22, 35] as well as peroxynitrite scavenging [34] 
is strictly monophasic.

The different behavior observed for fluoride and azide 
binding might find a structural basis on the evidence that 
upon fluoride association there is a contraction of the heme 
distal pocket closely similar for the two chains [36], whereas 
azide binding brings about an expansion of the heme dis-
tal pocket in β-chains and a slight contraction in α-subunits 
[37]. In particular, in β-chains the E helix moves away 
from the heme upon azide association relative to the ferric 
unbound Hb, expanding the ligand pocket; on the other hand, 
in α-chains the ligand pocket actually contracts slightly 
relative to ferric human Hb, as the E helix moves slightly 
towards the heme [37].

Concerning the behavior of the reduced form, it must be 
outlined that values of kinetic and/or thermodynamic param-
eters of ligand binding to Hp1-1:Hb(II) and Hp2-2:Hb(II) as 
well as of the (pseudo-)enzymatic properties of Hp:Hb(II) 
complexes match well with those of the Hb(II) R-state, 
which is typical of the αβ dimers of Hb(II) bound to Hp [20, 
25, 27, 28, 32].

The different functional behavior between fluoride bind-
ing and azide binding to Hb(III) is mirrored in the case of 
the Hp1-1:Hb(III) and Hp2-2:Hb(III) complexes, displaying 
kinetic values closely similar (see Table 2). It may be worth 
underlining that these results represent the first direct and 
unequivocal evidence that the αβ dimers behave exactly as 
R-state tetramers; thus, only upon Hp binding all tetramers 
dissociate into the αβ dimers, giving rise to a homogeneous 
population and not a mixture of tetramers and dimers, as 
it occurs in dilute solutions of Hb(III) [31]. Therefore, the 
data shown in Table 2 represent a strong evidence that the 
dimeric Hp:Hb(III) complexes well represent the behavior 

Fig. 2   Azide binding to Hp1-1:Hb(III) and Hp2-2:Hb(III), at pH 
7.0 and 20.0  °C. a Kinetic (squares and triangles) and static (dia-
monds) difference absorbance spectra of Hp1-1:Hb(III) minus 
Hp1-1:Hb(III)-N3

-. b Kinetic (squares and triangles) and static (dia-
monds) difference absorbance spectra of Hp2-2:Hb(III) minus Hp2-
2:Hb(III)-N3

-. c Normalized averaged time courses of azide binding 
to Hp1-1:Hb(III). The azide concentration was 2.0 × 10−4  M (trace 
a) and 1.0 × 10−3  M (trace b). The time course analysis accord-
ing to Eq.  5 allowed the determination of the following param-
eters: (trace a) k1 = 1.7 × 10−2  s−1, a1 = 0.51, k2 = 6.8 × 10−2  s−1, and 
a2 = 0.49; (trace b) k1 = 6.4 × 10−2  s−1, a1 = 0.48, k2 = 3.2 × 10−1  s−1, 
and a2 = 0.52. d Normalized averaged time courses of azide binding 
to Hp2-2:Hb(III). The azide concentration was 2.0 × 10−4  M (trace 
a), and 1.0 × 10−3 M (trace b). The time course analysis according to 
Eq. 5 allowed the determination of the following parameters: (trace a) 
k1 = 2.1 × 10−2 s−1, a1 = 0.52, k2 = 9.0 × 10−2 s−1, and a2 = 0.48; (trace 
b) k1 = 8.8 × 10−2  s−1, a1 = 0.51, k2 = 4.3 × 10−1 s−1, and a2 = 0.49. 
e Dependence of k1 (filled triangles) and k2 (open triangles) on the 
ligand concentration for azide binding to Hp1-1:Hb(III). The analy-
sis of data according to Eq.  7 allowed the determination of the fol-
lowing parameters: (filled triangles) kon1 = (3.1 ± 0.3) × 102  M1  s−1 
and koff1 = (3.7 ± 0.5) × 10−3  s−1; (open triangles) 
kon2 = (6.1 ± 0.6) × 101  M1  s−1 and koff2 = (8.0 ± 1.0) × 10−4  s−1. f 
Dependence of k1 (filled diamonds) and k2 (open diamonds) on the 
ligand concentration for azide binding to Hp2-2:Hb(III). The analy-
sis of data according to Eq. 7 allowed the determination of the fol-
lowing parameters: (filled diamonds) kon1 = (4.2 ± 0.4) × 102  M1  s−1 
and koff1 = (5.3 ± 0.7) × 10−3  s−1; (open diamonds) 
kon2 = (8.2 ± 0.8) × 101  M1  s−1 and koff2 = (1.0 ± 0.2) × 10−3  s−1. g 
Dependence of Y on the ligand concentration for azide binding to 
Hp1-1:Hb(III). The analysis of data according to Eq.  8 allowed the 
determination of the following value of K = (1.1 ± 0.1) × 10−5  M. 
h Dependence of Y on the ligand concentration for azide binding to 
Hp2-2:Hb(III). The analysis of data according to Eq.  8 allowed the 
determination of the following value of K = (1.3 ± 0.1) × 10−5  M. In 
the equilibrium experiments, the azide concentration refers to that of 
the free ligand. Where not shown, the error bars are smaller than the 
symbols

◂
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of R-state tetrameric Hb(III), indeed suggesting that in the 
α1β1 (as well as in α2β2) dimers the tertiary subunit structure 
and the inter-subunit interactions are closely similar to those 
observed in the R-state tetramer.

Finally, the exposure of the Hp:Hb complexes to hydro-
gen peroxide has been shown to induce the formation of 
ferryl metal centers, which are more kinetically inert than 
those of Hb. The stabilization of the Hb ferryl state by Hp 
plays a relevant role in the protection against Hb-mediated 
oxidative damage [38].
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