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Haptoglobin (Hp) counterbalances the adverse effects of extra-erythrocytic hemoglobin (Hb) by trapping the of
dimers of Hb in the bloodstream. In turn, the Hp:Hb complexes display Hb-like reactivity. Here, the kinetics of
NO dissociation from ferrous nitrosylated Hp:Hb complexes (ie., Hpl-1:Hb(II)-NO and Hp2-2:Hb(II)-NO,
respectively) are reported at pH 7.0 and 20.0 °C. NO dissociation from Hp:Hb(II)-NO complexes has been fol-
lowed by replacing NO with CO. Denitrosylation kinetics of Hp1-1:Hb(II)-NO and Hp2-2:Hb(II)-NO are biphasic,
the relative amplitude of the fast and slow phase being 0.495 + 0.015 and 0.485 + 0.025, respectively. Values of
Kotivoy and koginoyz (e, (6.4 + 0.8) x 107> s and (3.6 + 0.6) x 10> s~ for Hp1-1:Hb(II)-NO and (5.8 +
0.8) x 107> s ! and (3.1 £ 0.6) x 107> s~ ! for Hp2-2:Hb(I)-NO) are unaffected by allosteric effectors and
correspond to those reported for the o and p subunits of tetrameric Hb(II)-NO and isolated a(II)-NO and p(II)-NO
chains, respectively. This highlights the view that the conformation of the Hb a;p; and azff2 dimers matches that
of the Hb high affinity conformation. Moreover, the observed functional heterogeneity reflects the variation of
energy barriers for the ligand detachment and exit pathway(s) associated to the different structural arrangement
of the two subunits in the nitrosylated R-state. Noteworthy, the extent of the inequivalence of o and f chains is
closely similar for the O3, NO and CO dissociation in the R-state, suggesting that it is solely determined by the
structural difference between the two subunits.

1. Introduction hydrogen-peroxide radical formation and migration, subunit dissocia-

tion, globin-cross linking, and heme release, thereby protecting the

Haptoglobin (Hp) is a chaperone-like molecule, which binds of di-
mers of plasma Hb, bringing about the formation of a very stable non-
covalent complex, which prevents most harmful effects related to the
presence of free Hb and/or free heme in the bloodstream, such as (i)
heme dissociation from Hb, and (ii) heme oxidation, facilitating the
removal of Hb via the reticuloendothelial system and the CD163
receptor-mediated endocytosis by hepatocytes, Kupffer cells, and tissue
macrophages [1-8]. Further, Hp binding to oafHb dimers prevents

vascular system from damage by free Hb [8,9].

From a molecular viewpoint, a;p; (and ayf3) dimers (i.e., the prod-
ucts of the tetramer to dimer dissociation of human hemoglobin; Hb)
have been always considered to be locked in the high-affinity R
conformation (with no “heme-heme” interactions and no Bohr effect)
[8,10-23]. Therefore, ligand binding properties of Hb dimers bound to
haptoglobin (Hp) represent an excellent molecular model to study the
functional features of pure dimeric species without the interference of
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Fig. 1. Kinetics of NO dissociation from Hpl-1:Hb(II)-NO, at pH 7.0 and
20.0 °C. (A) Time course of NO dissociation from Hp1l-1:Hb(I)-NO. The CO
concentration was 5.0 x 10™* M. The time course analysis according to eq. (1)
allowed to determine the values of kognoy1 = 2.2 X 10'h ! (=61 x10°
s71), Ay = 0.48, kosrnoy2 = 1.2 x 107 h™! (= 3.3 x 107° s71), and A, = 0.52.
The time course analysis according to eq. (2) allowed to determine the values of
Koff (voy = 1.4 x 1071 h™! (= 3.9 x 107> s71) and A = 1.0. (B) Residuals ob-
tained from the non-linear least-squares fitting with one (squares; eq. (2)) and
two (circles; eq. (1)) exponential(s) of data referring to NO dissociation from
Hpl-1:Hb(II)-NO. (C) Dependence of the first order rate constant for NO
dissociation from Hpl-1:Hb(I)-NO on the CO concentration. The average
values of Kofinoy1 and Kofenoyz are 2.3 x 107 h™ (= 6.4 x 107> s71) and 1.3 x
10'h ! (=3.6 x10°s™Y, respectively. The Hp1-1:Hb(II)-NO concentration
was 4.8 x 10~ M. The dithionite concentration was 2.0 x 1073 M.

the tetrameric population, which is present to a relevant extent even at
the lowest affordable concentrations (i.e., 5.0 x 1077 t01.0 x 107° M) in
the in vitro experiments [24].

We have recently characterized the functional properties of ferrous
and ferric Hp:Hb complexes, putting in evidence a marked subunit
functional heterogeneity for most of the ligands investigated (namely O,
and CO for the ferrous form and azide, thiocyanate and imidazole for the
ferric form) [8,23,25-27]. However, only in the ferric form we have
observed an assembly-linked structural change of ferric Hb upon dimer
association to tetramer, as indicated by a much faster dissociation of the
sixth axial ligand HoO from ferric hemes in Hp:Hb complexes (as well as
in isolated subunits) with respect to the tetramer [26,28].

Kinetics of the reductive nitrosylation of ferric human
haptoglobinl-1: and haptoglobin2-2:hemoglobin complexes (Hpl-1:
Hb(III) and Hp2-2:Hb(III), respectively) [21] allowed: (i) to estimate the
values of the lowest limits of the second-order rate constant for Hp1-1:
Hb(III) and Hp2-2:Hb(III) nitrosylation (i.e., kon > 3.8 x 10° M~1 57,
since at the NO concentrations employed it was too fast to be observed
by rapid-mixing stopped-flow technique) and of the first-order rate
constant for Hp1-1:Hb(III)- NO and Hp2-2:Hb(III)-NO denitrosylation
(i.e., ko > 4.4 x 10%s™1), and (ii) to determine the values of the second-
order rate constant for the nitrosylation of ferrous human
haptoglobinl-1: and haptoglobin2-2:hemoglobin complexes (Hpl-1:
Hb(II) and Hp2-2:Hb(ID); i.e., 1.1 x 10’ M~ s 1and 9.3 x 10° M~ 157,
respectively). Of note, kinetic parameters for (de)nitrosylation of Hp:Hb
(IIN(-NO) and Hp:Hb(ID)(-NO) complexes agree with those reported for
horse heart myoglobin (Mb), sperm whale Mb, and human Hb [29-31].

Differently from O3 and CO, values of the second-order rate constants
for the nitrosylation of the T- and R-states Hb(II) are rather similar,
indicating that the cooperativity for NO binding to Hb(II) is exclusively
expressed on the ligand dissociation [15,30,32-34]. Therefore, only the
determination of the NO dissociation rate constants allows a clear
identification of the quaternary conformation of Hp1-1:Hb(II)-NO and
Hp2-2:Hb(I)-NO. Here, kinetics of NO dissociation from Hp1-1:Hb(II)-
NO and Hp2-2:Hb(II)-NO by CO replacement are reported, highlighting
the view that the conformation of the ferrous nitrosylated ap dimers
bound to Hpl-1 and Hp2-2 matches that of the R-state of the Hb
tetramer and of isolated a and f subunits.

2. Materials

Human Hp1l-1 and Hp2-2 were purchased from Athens Research &
Technology, Inc. (Athens, GA, USA) and Merck KGaA (Darmstadt, Ger-
many). Oxygenated human Hb (Hb(II)-O3) was prepared as previously
reported [15]. The Hp:Hb complexes were prepared by mixing Hb(II)-O2
with Hp1l-1 and Hp2-2 at pH 7.0 and 20.0 °C [11,12,16,22]. Each Hp
dimer binds one or two af dimers of Hb. To avoid the occurrence of free
Hb an excess of Hpl-1 and Hp2-2 (from 20 to 100%) was present in all
samples and the absence of free Hb was checked by gel electrophoresis
(Fig. 1 SM of Supplementary Material) [12,35-37]. Hpl-1:Hb(II)-NO
and Hp2-2:Hb(II)-NO (final concentration 4.8 x 10 °Mand 4.6 x 10°°
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Scheme 1. Reaction mechanism of Hpl-1:Hb(II)-NO and Hp2-2:Hb(II)-NO
conversion to Hp:Hb1-1(II)-CO and Hp2-2:Hb(II)-CO, respectively.

M, respectively) were prepared by adding dithionite (final concentration
2.0 x 1072 M) followed by the NO solution (final concentration 1.0 x
1073 M) to the deoxygenated Hp1-1:Hb(II) and Hp2-2:Hb(II) solutions
[30].

NO and CO were purchased from Aldrich Chemical Co. (Milwaukee,
WI, USA) and Linde AG (Hollriegelskreuth, Germany), respectively. NO
was purified by passing it through a glass column packed with NaOH
pellets followed by passing it through a trapping solution, which con-
tained 20 mL of 5.0 M NaOH, to remove traces impurities; the NO
pressure was 760.0 mmHg [38]. The NO and CO solutions in 5.0 x 1072
M phosphate buffer solution (pH = 7.2) were prepared in a closed vessel
under NO or CO at P = 760.0 mmHg anaerobically at 20.0 °C. The
solubility of NO and CO in the aqueous buffered solution was 2.05 x
1073 M and 1.03 x 1073 M, respectively, at P = 760.0 mmHg and
20.0 °C [15]. All the other chemicals, including D-myo-inositol
1,2,3,4,5,6-hexakisphosphate (IHP) and bezafibrate (BZF), were pur-
chased from Merck AG (Darmstadt, Germany). All chemicals were of
analytical or reagent grade and were used without further purification
unless stated.

3. Methods

The values of the first-order rate constant for NO dissociation from
Hp1-1:Hb(I)-NO and Hp2-2:Hb(II)-NO (i.e., for NO replacement by CO;
kottvo)) were determined by mixing the Hpl-1:Hb(II)-NO and Hp2-2:
Hb(II)-NO (final concentration, 4.8 x 10° M and 4.6 x 10°° M,
respectively) solutions with the CO-dithionite solutions, in the absence
and presence of IHP and BZF (final concentration, 2.0 x 1072 M), under
anaerobic conditions, at pH 7.0 (5.0 x 10~2 M phosphate buffer), and
20.0 °C; no gaseous phase was present [30]. Kinetics was carried out
employing a SFM-20/MOS-200 rapid-mixing stopped-flow apparatus
(BioLogic Science Instruments, Claix, France) and a Jasco V-650 spec-
trophotometer (Jasco, Tokyo, Japan), monitoring the progress curves at
several single wavelengths spanning between 380 and 450 nm. The
conversion of Hp1-1:Hb(II)-NO and Hp2-2:Hb(II)-NO to Hp1-1:Hb(II)-
CO and Hp2-2:Hb(II)-CO, respectively, was fitted to a two-exponential
process according to the minimum reaction mechanism represented by
Scheme 1 [30]. The final CO concentration ranged between 2.0 x 1074
Mto 5.0 x 10~* M and the final dithionite concentration was 2.0 x 10>
M; the over 100-fold excess of CO over NO guarantees that the reaction
proceeds rightward because koncoy x [CO] > > konnoy X [NO] (see
Scheme 1).

koftno)

Hp:Hb(I)-NO + CO

kon(vo) koftco)

The values of kogfnoy1 and kogfnoy2 have been determined from data
analysis, according to two-exponential eq. (1):

kon(co)
Hp:Hb(II) + NO + CO Hp:Hb(II)-CO + NO

A‘ — Al X e—koff(NO)]xt +A2 X e—koff(NO)th (1)

where A refers to the relative signal amplitude at a given time = t for
the reaction to be completed (i.e., [Hp:Hb(I)-NO] / [Hp:Hb(II)]1¢) and
A1 + Ay =1 (ie, 100% of the reaction) refers to the relative spectro-
scopic contribution of the two subunits, characterized by kofnoy1 and
kotno)2, respectively.

For comparison, kinetic data have also been analyzed according to
the one-exponential eq. (2):

A‘ —AX efkol'l'(NO)xr (2)
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Fig. 2. Kinetics of NO dissociation from Hp2-2:Hb(II)-NO, at pH 7.0 and
20.0 °C. (A) Time course of NO dissociation from Hp2-2:Hb(I[)-NO. The CO
concentration was 5.0 x 10~* M. The time course analysis according to eq. (1)
allowed to determine the values of kofr (voy1 = 1.9 x 107 h™! (= 5.3 x 107>
s71), Ay = 0.51, koff voy2 = 9.0 x 1072 h™? (= 2.5 x 107> s71). and A, = 0.49.
The time course analysis according to eq. (2) allowed to determine the values of
Kot vo) = 1.3 x 1071 h™! (= 3.6 x 107°s7!) and A = 1.0. (B) Residuals ob-
tained from the non-linear least-squares fitting with one (squares; eq. (2)) and
two (circles; eq. (1)) exponential(s) of data referring to NO dissociation from
Hp2-2:Hb(I)-NO. (C) Dependence of the first order rate constant for NO
dissociation from Hp2-2:Hb(I)-NO on the CO concentration. The average
values of kog (voy1 and Kogrnoy2 are 2.1 x 107 h™ (= 5.8 x 107° s ') and 1.1 x
10'h ' (=31x10° s’l), respectively. The Hp1-1:Hb(II)-NO concentration
was 4.6 x 107® M. The dithionite concentration was 2.0 x 1073 M.
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Table 1
Values of konnoy and kogfnoy for (de)nitrosylation of Hb(ID(-NO), Hp1-1:Hb(II)
(-NO), Hp2-2:Hb(II)(-NO), a(I[)(-NO), and B(I1)(-NO) species.

Journal of Inorganic Biochemistry 214 (2021) 111272

Table 2
Effect of IHP and BZF on values of Ayax and € of the absorbance spectra of Hb(II)-
NO, Hp1-1:Hb(II)-NO, and Hp2-2:Hb(II)-NO in the Soret region.

Heme-protein Konavoy (M kottnoy korivoy 51 Kofravoy (571
s ™
Hb(ID(-NO) + IHP 2.5 x 107 * 31x10°3P 9.0 x 107"
(T-state) 11 x103¢ 4.2 x 107*
Hb(ID(-NO) (R- 2.5 x 107 ° 1.8 x
state) 105"
Hp1-1:Hb(II) (1.1 +£0.1) x (6.4+0.8) x (3.6 +0.5) x
(-NO) 107 9 107 107
Hp1-1:Hb(II) (6.3+0.7) x  (3.1£0.4) x
(-NO) + IHP © 10°° 10°°
Hp1-1:Hb(ID) (7.7 £0.9) x  (29+0.5) x
(-NO) + BZF © 107° 10°°
Hp2-2:Hb(II) (9.3 +0.9) x (5.8+0.8) x (3.1+0.6) x
(-NO) 100" 10°¢ 10°¢
Hp2-2:Hb(II) (63+0.7)x (3.5+0.4) x
(-NO) + IHP © 10°° 10°°
Hp2-2:Hb(II) (6.9+0.8) x (3.8+0.5) x
(-NO) + BZF © 107° 10°°
«(ID(-NO) chains © 2.4 x 107 4.6 x
10°°
B(IN(-NO) chains * 2.4 x 107 2.2 x
10°°

2 pH 7.0 and 20.0 °C. From [30].

b pH 7.0 and 20.0 °C. From [33].

¢ pH 7.4 and 20.0 °C. From [51]. The slower rate refers specifically to penta-
coordinated a-chains of tetrameric Hb(II)-NO.

4 pH 7.5 and 20.0 °C. From [21].

¢ pH 7.0 and 20.0 °C. Present study.

f pH 7.6 and 20.0 °C. From [21].

where A = 1.

The absorbance spectra of Hpl-1:Hb(II)-NO and Hp2-2:Hb(II)-NO
were recorded between 380 and 450 nm in the absence and presence of
THP and BZF (final concentration, 2.0 x 10~2 M), at pH 7.0 (5.0 x 1072
M phosphate buffer), and 20.0 °C [17,39,40]. Of note, IHP and BZF shift
the quaternary equilibrium of tetrameric Hb(II)-NO from the hex-
acoordinated high affinity R-state to the penta-coordinated low affinity
T-state. IHP- and BZF-mediated changes of the quaternary equilibrium
of Hb(II)-NO can be easily detected by absorbance spectroscopy
[17,39,40].

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).

Molecular docking simulations were only carried out for [HP (RCSB
PDB ligand ID: IHP) binding to Hb(II)-CO (PDB ID: 2DN3) [41] using the
software DockingApp [42], a graphical interface for AutoDock Vina
[43], limiting the grid box to the Hb(II)-CO:IHP interacting residues
[44]. The IHP structure was retrieved from RCSB PDB (ligand ID: IHP) in
sdf format. Subsequently it was first converted in pdb format, using The
Open Babel Package version 2.4.1 [45], and then in pdbqt format
through the MGLTools script “prepare_ligand4.py” [46]. The docking
results for the Hb(II)-CO:IHP complex were analyzed by the molecular
graphics software UCSF-Chimera version 1.13.1 [47]. Moreover, amino
acid residues recognizing BZF bound to Hb(II)-O, (PDB ID: 5X2S and
5X2T) [48] were identified with the Protein-Ligand Interaction Profiler
web server (https://projects.biotec.tu-dresden.de/plip-web/plip/index)
[49].

4. Results and discussion

The NO dissociation reaction from Hp1-1:Hb(II)-NO and Hp2-2:Hb
(ID-NO through displacement by CO (in the presence of dithionite)
conforms to the minimum reaction mechanism depicted in Scheme 1. Of
note, the rate of NO dissociation from Hp1-1:Hb(II)-NO and Hp2-2:Hb
(ID-NO represents the rate limiting step of the whole process. Thus, upon

Heme-protein Amax (nm) I3 (mM’1 cm’l)
Hb(ID)(-NO) + IHP (R-state) 417.0° 133°
416.7° 131°
417.2°¢ 131°¢
Hb(ID(-NO) + IHP (T-state) 4159 ° 98 *
415.2° 99 °
416.2 ¢ 101.8 ¢
Hb(ID(-NO) + BZF (T-state) 416.9 * 101.3°
416.2 ¢ 105.2 ¢
Hp1-1:Hb(ID(-NO) * 417.2 131
Hpl-1:Hb(I)(-NO) + IHP * 416.8 129
Hpl-1:Hb(ID)(-NO) + BZF * 417.1 132
Hp2-2:Hb(ID(-NO) * 416.9 133
Hp2-2:Hb(I)(-NO) + IHP * 416.6 131
Hp2-2:Hb(I)(-NO) + BZF * 416.8 130

# pH 7.0 and 20.0 °C. Present study.
b pH 6.5 and 20.0 °C. From [39].
¢ pH 7.0 and 20.0 °C. From [40].

NO dissociation, Hpl-1:Hb(II) and Hp2-2:Hb(II) react much more
rapidly with CO than with NO; in fact, kon(coy X [CO] ranges from 3.8 x
1025 1t02.6 x 10%s7! (i.e., [CO] ranges from 2.0 x 10"* M to 5.0 x
107* M and konccoy = 1.9 x 10° M s7! and 5.2 x 106 M~ 57! for
Hpl-1:Hb(II) and Hp2-2:Hb(II), respectively) [11] whereas konmoy X
[NO] ranges from 4.5 x 10's 1t05.5 x 10! 57! (i.e., [NO] =5.0 x 10°°
M and konnoy = 1.1 x 10’ M~ st and 9.3 x 10° M ! s for Hp1-1:Hb
(I) and Hp2-2:Hb(II), respectively) [21], decreasing even further
because of NO consumption by sodium dithionite [30,50], thus
rendering even more reliable the determination of the NO dissociation
rate constant.

Over the whole CO concentration range explored (final concentra-
tion, 2.0 x 10™* M to 5.0 x 10~* M), the time course of Hp1-1:Hb(II)-
NO and Hp2-2:Hb(II)-NO conversion to Hpl-1:Hb(I)-CO and Hp2-2:
Hb(I)-CO, respectively, by CO (in the presence of dithionite) corre-
sponds to a bi-exponential process, the amplitude of both phases ranges
from 47 + 5% to 52 + 5% of the total amplitude (Figs. 1 and 2, panel A,
and Fig. 2 SM and 3 SM of Supplementary Material). Values of the first-
order rate constants for Hp1-1:Hb(I[)-NO and Hp2-2:Hb(II)-NO deni-
trosylation (i.e., for Hp1-1:Hb(II)-CO and Hp2-2:Hb(II)-CO formation;
kofrno)) are wavelength- and [CO]J-independent.

The values of the fast and slow phase of NO dissociation from Hp1-1:
Hb(II)-NO, Hp2-2:Hb(II)-NO (i.e., koffnvoy1 and kofinoy2, respectively)
(present study): (i) are unaffected by IHP and BZF (Table 1), (ii) corre-
spond to those of isolated a(II)-NO and B(II)-NO chains, respectively, (iii)
match with those of NO dissociation from the R-state of Hb(II)-NO, and
(iv) differ from those for the denitrosylation of the T-state of Hb(II)-NO
[30,33,51] (Table 1). In both Hp:Hb(II)-NO complexes no evidence can
be detected of the penta-coordinate nitrosylated a-chain, which is
known to have a NO dissociation rate constant faster than in the R-state
[30,33,51] and a low absorbance in the Soret region [17,39,40]. This is
not unexpected, since in the Hp:Hb complexes dimers are in the R
quaternary conformation, while penta-coordination seems associated to
the low affinity T-structure [30,33,51].

On the other hand, it is known that also in the R-state tetrameric Hb
is able to bind allosteric effectors, such as inositol hexakisphosphate
(IHP) and bezafibrate (BZF), displaying both functional [52,53] and
spectroscopic effects [17,39,40], envisaging structural arrangement of
both subunits [40,52-54]. However, in the case of Hp:Hb complexes
neither functional nor spectroscopic effects appear associated to the
addition of either IHP or BZF (Tables 1 and 2), envisaging the possibility
that either they do not bind the dimer associated to Hp or else they do
not affect the structural arrangement of the dimers in the Hp:Hb
complexes.

The molecular bases of a lack of effect of IHP and BZF on NO
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IHP binding to Hb

a, His103 o, Lys99

% Tyr140
]
a, Thr137

a, Thr134

BZF binding to Hb

180°

a, His103

a, Ph%
( X \E AL
a, Leu99

a, Lys100

B, Asn108

Hp:Hb

Fig. 3. Amino acid residues involved in IHP and BZF binding to tetrameric ligated Hb(II) are solvent-exposed or participate in Hpl-1:Hb(II)-O, complexation. The o
and f chains of Hb are in orange and green, respectively, and the heme groups are in red. The serine proteinase-like domain of Hp is in light blue. Amino acid residues
of ligated Hb(II) involved in IHP and BZF are in gray. The pictures have been drawn with UCSF-Chimera [47]. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

dissociation from Hpl-1:Hb(II)-NO, Hp2-2:Hb(I[)-NO and on the
absorbance spectroscopic properties of Hp1-1:Hb(II)-NO, Hp2-2:Hb(II)-
NO have been investigated through molecular docking analyses. IHP
binding to tetrameric Hb involves the f; N-terminus, f; and By His2, p;
and B Lys82, and p; and po His143 [44]. The results of molecular
docking simulations do not evidence binding of IHP in the vicinity of the
above mentioned residues (Fig. 3). Although the p; N-terminus, p; His2,
B1 Lys82, and p; His143 are solvent exposed in the Hp:Hb complex, the
absence of IHP binding to the Hp:Hb complex may reflect the disruption
of the IHP cleft that is built up by both the a;f; and agfy dimers in
tetrameric Hb. In the case of BZF binding to tetrameric Hb (Fig. 3), the
situation is more complex, since multiple ligand binding have been re-
ported [48,55,56]. In fact, BZF is able to bind one p and two a subunits of
Hb(II)-O4 [48,55] interacting with the amino acids residues py Trp37, a;
Lys127, a; and ap Pro95 and ap Tyr140, at pH 6.5 (PDB ID: 5X2S) [48]
and with p; Trp37, a; Lys127, ay Alal130 and oy Thr134, at pH 7.2 (PDB

ID: 5X2T) [48] (Fig. 3). Thus, the loss of ability of the Hp:Hb complexes
to bind BZF may reflect: (i) the involvement of residues a; Phe36, oy
Pro95, oy Lys99, a; Leul00, a; His103, f; Trp37, and p; Asnl08 in the
Hp1-1:Hb(II)-O5 complexation [8] and (ii) residues 3 Trp37, oy Pro95,
ag Alal30, ap Thr134, ay Thr137, as Tyrl40, and oy Argl4l do not
participate to BZF recognition in tetrameric Hb [48] (Fig. 3). Since BZF
interacts with the E-helix of the a-subunit in the tetrameric R-state of Hb
(ID-CO [56], it cannot be excluded that BZF could recognize the Hp:Hb
complexes in a similar fashion without affecting the reactivity and the
absorbance spectroscopic properties of Hp:Hb complexes (Tables 1 and
2).

A closer view of the biphasic dissociation rate constants casts some
light on the different free energy barriers between the a and p subunits
for the NO detachment from the nitrosylated heme-Fe(II) atom and for
the ligand exit pathway. In the fully NO-bound Hb the energy barrier for
NO dissociation from a-chain (i.e., 96.9 kJ/mol) is about 1.8 kJ/mol
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Table 3
Values of kinetic and thermodynamic parameters for CO, O, and NO dissociation
from ligated Hb(II) species.

Heme- Ligand ko Koff1 Kofr2 AGH AG} AGh
protein s H () (kJ/ (kJ/ (kJ/
mol)* mol) ? mol) ?
Hb(I) T- Cco ~0.2 76.6
state ”
Hb(II) R- Cco 11+ (8.0 £ 83.6 84.4
state © 0.2) x 0.2) x +0.5 +0.3
1072 1072
Hpl-1: Cco (1.4 + (6.2 + 83.0 85.0
Hb(II) 0.2) x 0.8) x +0.3 + 0.4
d 1072 1073
Hp2-2: Cco 1.3+ (7.3 £ 83.2 84.6
Hb(II) 0.2) x 0.9) x + 0.3 + 0.4
d 1072 1073
(1D CcO 1.3 83.2
chains X
b 1072
pan Cco 8.0 84.4
chains X
b 10—3
Hb(II) T- Oy 2.5+ (1.8 + 53.7 60.0
state © 0.1) x 0.1) x + 0.2 + 0.3
10° 102
Hb(II) R- Oy (4.0 + (1.2 + 63.7 66.6
state © 0.8) x 0.2) x +0.5 +0.5
10! 10!
Hpl-1: (2% (2.8 + (1.6 £ 64.6 65.9
Hb(II) 0.3) x 0.2) x + 0.3 + 0.3
f 10 10!
Hp2-2: (2% (2.7 + (1.4 £ 64.7 66.2
Hb(II) 0.3) x 0.2) x + 0.3 + 0.4
f 10! 10!
a(1D) (o2} 2.8 64.6
chains x 10!
b
pan [o2% 1.6 65.9
chains x 10!
b
Hb(1I) NO 3.1 x 9.0 x 89.4 95.3
(T- 1038 10°¢8 89.2 91.5
state) P11 x 4.2 x
107 1070
Hb(II) R- NO 1.8 99.2
state © X
10°
Hpl-1: NO (6.4 + (3.6 £ 96.1 97.5
Hb(II) 0.8) x 0.5) x + 0.3 + 0.4
! 10-° 10°°
Hp2-2: NO (5.8 + 3.1+ 96.3 97.9
Hb(II) 0.8) x 0.6) x + 0.3 + 0.5
! 10-° 10°°
(1D NO 4.6 96.9
chains X
J 10—5
({619} NO 2.2 98.7
chains X
J 10—5

Footnote to Table 3.

2 Values of AG* have been calculated according to the following equation: AG*
=4.184 x R x T (In(10"®) - Ink).

b pH 7.0 and 20.0 °C. From [15].

¢ pH 7.4 and 25.0 °C. From [34].

4 pH 7.0 and 20.0 °C. From [27].

¢ pH 7.0 and 20.0 °C. From [32].

f pH 7.0 and 20.0 °C. From [23].

8 pH 7.0 and 20.0 °C. From [33].

" bH 7.4 and 20.0 °C. From [51]. The slower rate refers specifically to penta-
coordinated a-chains of tetrameric Hb(II)-NO.

{ pH 7.0 and 20.0 °C. Present study.

4 pH 7.0 and 20.0 °C. From [30].
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lower than for p-chain denitrosylation (i.e., 98.7 kJ/mol). Of note, this
difference (i) can be observed between the two subunits within the Hb
dimer both in Hp1-1:Hb(I)-NO (AAGi = 1.4 kJ/mol) and Hp2-2:Hb(II)-
NO (AAG1 = 1.6 kJ/mol), and (ii) is similar to that observed in other
ligands of the ferrous form (i.e., CO and Oj), displaying a ligand-
independent value of AAG! = 1.5 + 0.3 kJ/mol (see Table 3).

The closely similar difference between the two subunits for free en-
ergy barriers of CO, O2 and NO dissociation from R-state ligated Hb(II)
(see Table 3) clearly indicates that the kinetic biphasicity has the same
structural basis, even though various ligands are characterized by
markedly different energy barriers. As a whole, we can state that the free
energy barriers for the ligand dissociation from the ligand-bound heme
(II) complexes and exit toward the bulk solvent are different for the two
subunits in R-state ligated Hb(II) by 1.6 + 0.4 kJ/mol (Table 3); this
ligand-independent value refers to the different structural arrangement
of the two subunits for any ligand exit pathway after the breaking of the
Fe(II)-ligand bond.

On the other hand, the intrinsic values of AG' greatly differ for
various ligands (see Table 3), this reflecting instead the specific ligand-
dependent interactions of each ligand with the distal site of the protein
matrix in the R quaternary conformation. In this respect, data reported
in Table 3 give an exhaustive description of the intrinsic subunit func-
tional heterogeneity also in assembled dimers, clearly demonstrating
that in assembled o1f; (as well as in apfs) dimers the structural
arrangement of the two subunits does not show meaningful differences
from isolated chains and/or tetramers (see Table 1 and [23,27]). How-
ever, the origin of the different ligand-dependent quaternary-linked ef-
fect remains elusive. In conclusion, unlike for O, and CO
[32,34,55,57,58], the time-course for NO association to Hb(II) does not
reflect the R-to-T allosteric transition [30], the cooperativity of Hb(II)
nitrosylation depending uniquely on the ligand dissociation process. In
fact, values of ko for NO dissociation from the T- and R-state of Hb(II)
differ by 2-orders of magnitude while the association rate constants are
essentially identical for the two quaternary conformations (see Table 1).
This strongly suggests that determinants for the different ligand-
dependent quaternary-linked effects on ligand binding are multifacto-
rial, underlying a much more complex regulatory mechanism.
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