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Hemopexin (HPX) displays a pivotal role in heme scavenging and delivery to the liver. In turn, heme-Fe-
hemopexin (HPX-heme-Fe) displays heme-based spectroscopic and reactivity properties. Here, kinetics
and thermodynamics of cyanide binding to ferric and ferrous hexa-coordinate human plasma HPX-
heme-Fe (HHPX-heme-Fe(Ill) and HHPX-heme-Fe(Il), respectively), and for the dithionite-mediated
reduction of the HHPX-heme-Fe(Ill)-cyanide complex, at pH 7.4 and 20.0 °C, are reported. Values of
thermodynamic and kinetic parameters for cyanide binding to HHPX-heme-Fe(Ill) and HHPX-heme-
Fe(ll) are K=(41204)x10°M, kon=(6.9+0.5)x10'M's7!, and kos=2.8x10"%s"!; and
H=(6%1)x10""M, hon=12x 10" M s, and hog=(7.1 £0.8) x 107257, respectively. The value of
the rate constant for the dithionite-mediated reduction of the HHPX-heme-Fe(Ill)-cyanide complex is
1=8.94+0.8 M 25! HHPX-heme-Fe reactivity is modulated by proton acceptor/donor amino acid res-
idue(s) (e.g., His236) assisting the deprotonation and protonation of the incoming and outgoing ligand,

respectively.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Heme scavenging by plasma proteins (i.e., high and low density
lipoproteins (HDL and LDL, respectively), serum albumin (SA), and
hemopexin (HPX)) provides protection against heme oxidative
damage, limits the access of pathogens to heme, and contributes
to iron homeostasis. In particular, during the first seconds after
its appearance in plasma, most of the heme binds to HDL and
LDL. Then, the heme moves from HDL and LDL to SA. Afterwards,
the heme transits from SA to HPX, that releases it into hepatic
parenchymal cells after internalization of the heme-Fe-hemo-
pexin complex (HPX-heme-Fe) by receptor-mediated endocytosis.
Then, HPX is released intact into the bloodstream and the heme is
catabolyzed or used for the synthesis of hemoproteins or exported
to bile canaliculi [1-8].

Abbreviations: Hb, hemoglobin; HDL, high density lipoprotein; HPX, hemopexin;
HPX-heme-Fe, heme-Fe-hemopexin; HHPX, human HPX; HHPX-heme-Fe, human
HPX-heme-Fe; HHPX-heme-Fe(Ill), ferric HHPX-heme-Fe; HHPX-heme-Fe(II),
ferrous HHPX-heme-Fe; LDL, low density lipoprotein; legHb, leghemoglobin; Mb,
myoglobin; trHb, truncated hemoglobin; Ngb, neuroglobin; Ce-trHbN, Chlamydo-
monas eugametos truncated hemoglobin N; Mt-trHbN, Mycobacterium tuberculosis
truncated hemoglobin N; Mt-trHbO, Mycobacterium tuberculosis truncated hemo-
globin O; Cj-trHbP, Campylobacter jejuni truncated hemoglobin P; SA, serum
albumin.
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In turn, plasma proteins display transient heme-based ligand
binding and (pseudo-)enzymatic properties, representing cases for
“chronosteric effects”. In particular, ferrous SA-heme, HPX-heme-
Fe, HDL-heme-Fe, and LDL-heme-Fe bind reversibly CO and/or
NO, however O, induces fast oxidation of the heme-Fe(Il) atom.
Moreover, NO induces the reductive nitrosylation of ferric
SA-heme-Fe and HPX-heme-Fe. Furthermore, SA-heme-Fe and
HPX-heme-Fe facilitate scavenging of reactive nitrogen and oxygen
species. Lastly, NO appears to modulate heme binding to HPX, in
turn HPX-heme-Fe may play a key role in the NO homeostasis [5-8].

Here, cyanide binding properties of ferric and ferrous human
HPX-heme (HHPX-heme-Fe(Ill) and HHPX-heme-Fe(II), respec-
tively) are reported and examined in parallel with those of related
systems (the term cyanide refers to all forms of HCN/CN™ present
in the buffered aqueous solution). Despite the different heme distal
site structures and ligand interactions, values of kinetic and ther-
modynamic parameters for cyanide binding to most ferric
(non)vertebrate heme-proteins are similar, being mainly influ-
enced by the presence in the heme pocket of proton acceptor/do-
nor group(s) (e.g., His236 in human hemopexin (HHPX)) assisting
the deprotonation and the protonation of the incoming and outgo-
ing ligand, respectively.

2. Materials

HHPX and hemin [iron(IIl)-protoporphyrin(IX)] were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The concentration of
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HHPX was determined spectrophotometrically at 414 nm,
E1em'®*=23.0 [9]. The HHPX-heme-Fe(lll) stock solution
(2.0 x 107> M) was prepared by adding 1.25 molar excess of the
HHPX solution (2.0 x 107°M) to the heme-Fe(lll) solution
(1.6 x 107> M), at pH 7.4 (1.0 x 10~' M phosphate buffer) and
20.0 °C. Under these conditions, no free heme-Fe(Ill) is present in
solution; in fact, the value of the dissociation equilibrium constant
for heme binding to HHPX is <10"°M [5-7]. HHPX-heme-Fe(lI)
was prepared by adding sodium dithionite (1.0 x 1072 M) to the
HHPX-heme-Fe(III) solution [9]. All the other chemicals were from
Merck AG (Darmstadt, Germany) or Carlo Erba Reagenti (Milano,
Italy). All products were of analytical or reagent grade and were
used without further purification.

3. Methods

3.1. Thermodynamics and kinetics of cyanide binding to HHPX-heme-
Fe(1II)

Thermodynamics and kinetics of cyanide binding to HHPX-
heme-Fe(Ill) was monitored spectrophotometrically between 360
and 460 nm, and analyzed according to the minimum reaction
mechanism depicted by Scheme 1 [10-12].

The value of the dissociation equilibrium constant for cyanide
binding to HHPX-heme-Fe(Ill) (i.e., K= kog/kon) Was determined
from the dependence of the molar fraction of the HHPX-heme-
Fe(Ill)-cyanide complex (i.e., Y) on the ligand concentration (i.e.,
[cyanide]), according to Eq. (1) [12]:

Y = [cyanide]/(K + [cyanide]) (1)

The HHPX-heme-Fe(lll) concentration was 2.0 x 107% M. The
free cyanide concentration ranged between 1.0 x 10°°M and
4.0 x 107> M. The equilibration time ranged between 1 and 24 h.

The value of the second-order rate constant for cyanide binding
to HHPX-heme-Fe(lIl) (i.e., kon; Scheme 1) was determined from
the dependence of the pseudo first-order rate constant for
HHPX-heme-Fe(IIl) ligation (i.e., kops) On [cyanide], according to
Eqs (2) and (3) [12]:

kun
HHPX-heme-Fe(Ill) + cyanide <—= HHPX-heme-Fe(Ill)-cyanide
koff

Scheme 1. Cyanide binding to HHPX-heme-Fe(III).

hon
HHPX-heme-Fe(Il) + cyanide =—= HHPX-heme-Fe(II)-cyanide
h(»ff

Scheme 2. Cyanide binding to HHPX-heme-Fe(II).

lobs

[HHPX—heme—Fe(Ill)—cyanide],
— [HHPX—heme—Fe(IIl)]; x (1 — e kobsxt) (2)

kobs = kon x [cyanide] 3)

The HHPX-heme-Fe(Ill) concentration was 5.0 x 10~° M. The
cyanide concentration ranged between 1.0x103M and
1.0 x 1072 M.

The value of the first-order rate constant for cyanide dissocia-
tion from the HHPX-heme-Fe(Ill)-cyanide complex (i.e., ko,
Scheme 1) was calculated from values of K and k,,, according to
Eq. (4) [12]:

koff =K x kon (4)

3.2. Thermodynamics and kinetics of cyanide binding to HHPX-heme-
Fe(1l)

Thermodynamics and kinetics of cyanide binding to HHPX-
heme-Fe(Il) was monitored spectrophotometrically between 360
and 460 nm, and analyzed according to the minimum reaction
mechanism depicted by Scheme 2 [10,12].

The value of the dissociation equilibrium constant for cyanide
binding to HHPX-heme-Fe(ll) (i.e., H = hog/hon) Was determined
from the dependence of the molar fraction of the HHPX-heme-
Fe(Il)-cyanide complex (i.e., o) on [cyanide], according to Eq. (5)
[12]:

o = [cyanide]/(H + [cyanide]) (5)

The HHPX-heme-Fe(Il) concentration was between 5 x 1076 M.
The cyanide concentration ranged between 1.0 x 107'M and
2.0 M. The equilibration time ranged between 30 and 500 s.

Kinetics of the dithionite-mediated reduction of the HHPX-
heme-Fe(Ill)-cyanide complex and of cyanide dissociation from
the HHPX-heme-Fe(Il)-cyanide complex were analyzed according
to the minimum reaction mechanism depicted by Scheme 3 [10].

Values of the pseudo first-order rate constant for the dithionite-
mediated reduction of the HHPX-heme-Fe(lll)-cyanide complex
(i.e., lops) and of the first-order rate constant for cyanide dissocia-
tion from the HHPX-heme-Fe(Il)-cyanide complex (hog) were
determined according to Eqs. (6)-(8) treating both reactions as
irreversible first-order processes [10]:

[HHPX—heme—Fe(Ill)—cyanide],
= [HHPX—heme—Fe(Ill)—cyanide], x e'obsxt (6)

[HHPX—heme—Fe(1l)—cyanide],
= [HHPX—heme—Fe(Ill)—cyanide]; x lyps
% ((e—lobs/(hoff—lobs)) + (e—hoff/(lobs—hoff))) (7)

[HHPX—heme—Fe(1II)],
= [HHPX—heme—Fe(lll)—cyanide];,— (([HHPX—heme—Fe(III)
—cyanide], + [HHPX—heme—Fe(Il)—cyanide],) (8)

HHPX-heme-Fe(IlI)-cyanide + dithionite — HHPX-heme-Fe(II)-cyanide

hol‘f

— HHPX-heme-Fe(Il) + cyanide

Scheme 3. Dithionite-mediated reduction of HHPX-heme-Fe(Ill)-cyanide.
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Since the HHPX-heme-Fe(Ill)-cyanide reducing species is sul-
fur dioxide (i.e., SO, ™), a dissociation product of dithionite (i.e., Na;_
S>04) [13], the value of | (of order lower than two) has been
determined from the linear dependence of l,,s on the square root
of dithionite concentration (ie., [dithionite]'?), under pseudo-
first-order conditions (ie., [dithionite]> [HHPX-heme-Fe(IIl)-
cyanide]), according to Eq. (9) [10,14]:

Iops = | x [dithionite]'/? (9)

The final HHPX-heme-Fe(Il) concentration was 5 x 10~% M. The
final cyanide concentration was 1.0 x 107>M, and the final
dithionite concentration ranged between 1.0 x 10> M and 1.0 x
107" M.

The value of the second-order rate constant for cyanide binding
to HHPX-heme-Fe(Il) was calculated according to Eq. (10) [12]:

hon = hoge/H (10)

All data (obtained at pH 7.0, 5.0 x 10~2 M phosphate buffer, and
20.0 °C) were determined at least in quadruplicate. Data analysis
was performed with the program MATLAB 7.0 (MathWorks, Inc.,
South Natick, MA, USA).

3.3. Molecular modeling of HHPX-heme-Fe(Ill)

The structural model of HHPX-heme-Fe(IIl) has been obtained
by homology modeling using the three dimensional structure of
the highly homologous rabbit HPX-heme-Fe(Ill) (PDB code:
1QHU [15]). In detail, the template protein displaying the highest
similarity with HHPX was retrieved through a BLAST [16] search
against the PDB amino acid sequence database using the HHPX se-
quence coded GI 184497 as a bait. The BLAST E-value for the rabbit
protein was 0.0, given the extremely high sequence similarity be-
tween the two proteins, and the two sequences align over their en-
tire length.

Based on this alignment, the molecular model of HHPX-heme-
Fe(Ill) has been built using the program NEST [17], a fast model
building program that applies an “artificial evolution” algorithm
to construct a model from a given template and alignment. The
NEST option tune 2 was used to refine the alignment avoiding
the unlikely occurrence of insertions and deletions within template
secondary structure elements.

4. Results

Addition of cyanide to the HHPX-heme-Fe(IIl) solution causes a
shift in the maximum of the optical absorption spectrum in the
Soret band from 415 nm, i.e. HHPX-heme-Fe(Ill), to 421 nm, i.e.
HHPX-heme-Fe(Ill)-cyanide.

As shown in Fig. 1 (panel A), cyanide binding to HHPX-
heme-Fe(Ill) follows a simple equilibrium (Scheme 1 and Eq. (1)),
the value of K is (4.1 £ 0.4)x 1075 M (Table 1). As expected for sim-
ple systems [18], the value of the Hill coefficient n for cyanide
binding to HPX-heme-Fe(Ill) is 0.99 + 0.02.

Over the whole cyanide concentration range explored (from
1.0 x 1072 M to 1.0 x 1072 M), the time course for cyanide binding
to HHPX-heme-Fe(Ill) corresponds to a single exponential decay
for more than 95% of its course between 360 and 460 nm (Eq. (2)
and Fig. 1, panel B). Values of ks for cyanide binding to HHPX-
heme-Fe(IIl) are wavelength-independent at fixed cyanide concen-
tration. As shown in Fig. 1 (panel C), values of k,,s for cyanide
binding to HHPX-heme-Fe(Ill) increase linearly with the ligand
concentration (Scheme 1 and Eq. (3)), with a y-intercept close to
0, indicating ko < 1 x 1072 s71; the slope of the plot of ko versus
[cyanide] corresponds to ko = (6.9 +0.5) x 10' M~' s~ (Table 1).
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Fig. 1. Cyanide binding to HHPX-heme-Fe(IIl), at pH 7.0 and 20.0 °C. (Panel A)
Ligand binding isotherm for cyanide association to HHPX-heme-Fe(lll). The
continuous line was calculated according to Eq. (1) with K= (4.1 £0.4) x 10" M.
(Panel B) Normalized averaged time courses for cyanide binding to HHPX-heme-
Fe(III). The cyanide concentration was 2.0 x 107> M (trace a), 5.0 x 107> M (trace b),
and 1.0 x 102 M (trace c). The time course analysis according to Eq. (2) yielded the
following values of keps=1.2 x 107 1s™! (trace a), 3.6 x 10"'s™! (trace b), and
6.7 x 107's~! (trace c). (Panel C) Dependence of the pseudo-first-order rate
constant Kkops for cyanide binding to HHPX-heme-Fe(Ill) on the ligand the
concentration (i.e., [cyanide]). The continuous line was calculated according to Eq.
(3) with ko =(6.9+0.5) x 10' M5,

From values of k., and K, the value of k¢ for cyanide dissocia-
tion from the HHPX-heme-Fe(Ill)-cyanide complex (= 2.8 x 10~*
s~ 1) was calculated according to Eq. (4) (Table 1).

Addition of cyanide to the HHPX-heme-Fe(II) solution causes a
shift in the maximum of the optical absorption spectrum in the
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Values of kinetic and thermodynamic parameters for cyanide binding to ferric and ferrous monomeric heme-proteins as well as for dithionite-mediated reduction of the heme-

Fe(Ill)-cyanide complexes®.

(Non)vertebrate globin Fe(III) Fe(1I) I(M"?s-1)
kon(M~'s71) kogr(s71) K (M) hon(M~'s™1) hoge(s71) H (M)
Ce-trHbN® 4.6 x 10? n.d. n.d. n.d. 1.6 x 1072 n.d. 3.5
Mt-trHbN® 3.8 x 10° 6.8 x107™* 1.8 x10°° 5.0 x 1072 13 x 1072 2.4 x 107! 31
Mt-trHbO® 3.2 x 10° 3.5x 1074 1.1x10°° 8.5 x 1072 13 x 1072 1.6 x 107! 2.8
Cj-trHbPY >2 x 104 >2x 107 5.8 x107° 3.3 x10° 50x 1073 1.2x10°° 35
Soybean legHb® 6.9 x 10° n.d. n.d. n.d. n.d. n.d. n.d.
Drosophila melanogaster Hb 1° 1.8 x 10? n.d. n.d. n.d. n.d. n.d. n.d.
Glycera dibranchiata Hb 118 49 x 107! n.d. n.d. n.d. n.d. n.d. n.d.
Aplysia limacina Mb" 2.0 x 10? n.d. n.d. nd. 22 x 1072 n.d. >1 x 10%
Sperm whale Mb' 1.8 x 10% 8.0 x 107%¢ 43 %107 nd. 21x 1074 4.0 x 1078 4.4
Horse heart Mb! 1.7 x 10%" 3.0x 1073 1.8 x 107°" 2.5 1.5 x 107 4.0 x 107" 8.0 x 10!
Human Ngb (open conformation)® 1.7 n.d. n.d. n.d. n.d. n.d. n.d.
(closed conformation)® 3.7 x107! n.d. n.d. n.d. n.d. n.d. n.d.
HHPX-heme-Fe' 6.9 x 10! 2.8x107% 41x107 12 x 107! 7.1 x 1072 6.0 x 107! 8.9
Horseradish peroxidase™ 9.0 x 10* 2.8 x107! 24x10°° 2.9 x 10" 25 %1072 50x 10 n.d.
Horse heart cytochrome c” 5.1 x 1072 49 %1073 25x 107 nd. nd. >1 x 10! nd.

n.d., not determined.

o

From [10].
From [10,12].
From [10,12].
From [33].
From [11].
From [24].
From [34,35].
From [35,36].
From [18,31,37].
From [27].
Present study.
From [38,39].
From [28,29].

5 3 0 x & - T @ -0 A n T

Soret band from 429 nm, i.e. HHPX-heme-Fe(Il), to 421 nm, i.e.
HHPX-heme-Fe(Il)-cyanide.

As shown in Fig. 2 (panel A), cyanide binding to HHPX-heme-
Fe(Il) follows a simple equilibrium (Scheme 2 and Eq. (5)), the
value of His (6.0 +1) x 10~ M (Table 1). As expected for simple
systems [18], the value of the Hill coefficient n for cyanide binding
to HHPX-heme-Fe(II) is 1.01 + 0.02.

Addition of dithionite to the HHPX-heme-Fe(Ill)-cyanide
solution causes a shift in the maximum of the optical absorption
spectrum in the Soret band from 421 nm, ie. HHPX-heme-
Fe(Ill)-cyanide, to 433 nm, i.e. HHPX-heme-Fe(Il)-cyanide. Then,
the maximum of the optical absorption spectrum in the Soret band
of HHPX-heme-Fe(II)-cyanide moves from 433 nm to 429 nm, i.e.
HHPX-heme-Fe(II). Both processes correspond to a single expo-
nential decay for more than 95% of their courses.

The reaction of HHPX-heme-Fe(Ill)-cyanide with dithionite
conforms to the minimum two-step sequential reaction mecha-
nism depicted in Scheme 3 (Fig. 2, panel B; Eqgs. (6)-(8)). The first
reaction is the reduction of HHPX-heme-Fe(lll)-cyanide driven
by dithionite. As demonstrated by the linear dependence of Iyps
on the square root of dithionite concentration (Fig. 2, panel C; Eq.
(9)), sulfur dioxide (a dissociation product of dithionite) is the
reducing species [13]. The second reaction conforms to the irre-
versible monomolecular decay of the HHPX-heme-Fe(Il)-cyanide
reaction intermediate into HHPX-heme-Fe(Il) and cyanide.
Remarkably, values of hy¢ are independent of the dithionite
concentration (Fig. 2, panel B); the average value of hyg is
(7.1208) x 1072s~'. The analysis of the absorption changes
between 360 and 460 nm according to Scheme 3 shows that
HHPX-heme-Fe(Il)-cyanide and HHPX-heme-Fe(Il) are the inter-
mediate and the final species, respectively. Indeed: (i) the time
course for the buildup of the intermediate species HHPX-heme-
Fe(Il)-cyanide is a simple dithionite-dependent step; (ii) the decay
of HHPX-heme-Fe(ll)-cyanide into HHPX-heme-Fe(Il) and

Values of kinetic and thermodynamic parameters were obtained between pH 6.0 and 9.3, and between 20 and 25 °C.

cyanide is a simple dithionite-independent irreversible process;
and (iii) static and kinetic absorption spectra of HHPX-
heme-Fe(Il)-cyanide and HHPX-heme-Fe(Il) match each other
very well.

From values of and H and hg, the value of h,, for cyanide bind-
ing to HHPX-heme-Fe(Ill) (=1.2 x 10" M~'s™') was calculated
according to Eq. (10) (Table 1).

5. Discussion

Cyanide represents a valuable diatomic ligand model of heme-
proteins being isosteric and isoelectronic with the diatomic carbon
monoxide heme-Fe(Il) ligand. Moreover, cyanide is one of the few
ligands that is able to bind both ferric and ferrous heme-proteins
though with different thermodynamic and kinetic parameters
[18-20]. In fact, The cyanide derivative of ferric monomeric
heme-proteins is very stable, values of K, ko, and k¢ ranging be-
tween 5.8 x 107°M and 2.5x107*M, 5.1 x 102M~'s™! and
>2x10*M's !, and >2x10“4s ' and 2.8 x 10! s, respec-
tively. On the other hand, the cyanide reactivity towards ferrous
monomeric heme-proteins is lower, values of H, hop,, and hyg rang-
ing between 1.2 x 100 M and >1 x 10' M, 5.0 x 1072 M~' s~ ' and
33x10°M's7!, and 5.0 x 103s7! and 1.5 x 107! s7!, respec-
tively (Table 1).

In most ferric heme-proteins, cyanide binding is mainly influ-
enced by the presence in the heme pocket of proton acceptor
and donor group(s) assisting the deprotonation and protonation
of the incoming and outgoing ligand, respectively, rather than
the heme-Fe atom coordination geometry. In fact, most six- and
five-coordinate heme-proteins, e.g. HHPX-heme-Fe (present
study) and Aplysia limacina myoglobin (Mb) [21,22], respectively
(Fig. 3), display similar kinetic and thermodynamic parameters
for cyanide binding (Table 1). Interestingly, the heme-Fe binding
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Fig. 2. Cyanide binding to HHPX-heme-Fe(ll), at pH 7.0 and 20.0 °C. (Panel A)
Ligand binding isotherm for cyanide association to HHPX-heme-Fe(Il). The
continuous line was calculated according to Eq. (5) with H=(6+1)x 10~' M.
(Panel B) Normalized averaged time courses for dithionite-mediated reduction of
HHPX-heme-Fe(Ill)-cyanide. The dithionite concentration was 1.0 x 10~ M (trace
a), 1.0 x 1072 M (trace b), and 1.0 x 10~' M (trace c). The time course analysis
according to Egs. (6)-(8) yielded the following values of lyps=3.0 x 107" s™! and
hosr=7.4 x 1072 57! (trace a), lops = 8.5 x 107! s7! and hor=6.8 x 1072 57! (trace b),
and lops=2.8 57! and hor=7.0 x 1072s~" (trace c). (Panel C) Dependence of the
pseudo-first-order rate constant I, for dithionite-mediated reduction of HHPX-
heme-Fe(Ill)-cyanide on dithionite concentration (i.e., [dithionite]). The continuous
line was calculated according to Eq. (9) with [=8.9 +0.8 M~'/25~1,

pocket of HHPX is formed by two similar four-bladed beta-propel-
ler domains connected by an interdomain linker ([15] and Fig. 1
SM); on the other hand, Aplysia limacina Mb displays the classical
globin fold [22,23]. Thus, the dissociation of the sixth heme-Fe

“y Tyr227

His 236

Human heme-Fe-hemopexin

Aplysia limacina Mb

Fig. 3. View of the heme distal pocket of six-coordinate HHPX-heme-Fe(III)
(present study) and five-coordinate A. limacina Mb(III) (Protein Data Bank code:
1MBA [22]), displaying part of the surrounding protein structure (ribbon), the
heme-Fe(Ill) group (red), and key residues surrounding the heme-Fe(Ill) group. The
three-dimensional model of HHPX-heme-Fe(lll) has been built by homology
modeling using the three-dimensional structure of rabbit HPX-heme-Fe(Ill) as a
template (PDB code: 1QHU [15]). Both pictures have been drawn with program
UCSF Chimera [40]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

distal ligand (e.g., His236 in HHPX-heme-Fe [15]) is not rate lim-
iting in cyanide binding. Remarkably, the role of proton acceptor
and donor group(s) in modulating cyanide binding to most
heme-proteins is in agreement with: (i) the very slow kinetics of
cyanide binding to five-coordinate ferric Glycera dibranchiata
monomeric hemoglobin (Hb) II lacking heme distal site residue(s)
capable of catalyzing proton exchange [24], and (ii) the effects
shown by changes in the polarity of the heme distal pocket of mu-
tated ferric human, pig, and sperm whale Mbs [25].

On the other hand, values of kinetic and thermodynamic
parameters for cyanide binding to ferric Campylobacter jejuni trun-
cated haemoglobin P (Cj-trHbP), horseradish peroxidase, human
neuroglobin (Ngb), and horse heart cytochrome ¢ mainly reflect
the geometry of the heme-Fe pocket and/or the conformational
transition(s) accompanying ligand binding. In fact, the high reac-
tivity of Cj-trHbP towards cyanide (Table 1) has been attributed
to the peculiar heme distal pocket geometry which is characterized
by the presence of PheCD1, HisE7, IleE11, and TrpG8 residues [12].
The reactivity of horseradish peroxidase towards cyanide (Table 1)
may reflect the geometry of the heme pocket tailored for O, chem-
istry rather than for O, transport [26]. The slow biphasic kinetics of
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cyanide binding to six-coordinate human Ngb (Table 1) does not
appear to be limited by the cleavage of the heme-Fe-HisE7 bond,
but could reflect the presence of two distinct conformations of the
protein (open and closed) in which the heme pocket is more or less
accessible to exogenous ligands [27]. The very low reactivity of six-
coordinate horse heart cytochrome c for cyanide (Table 1) has been
attributed to the heme-Fe-Met80 bond strength and/or the flexi-
bility of the heme-Fe pocket [28,29]. Accordingly, the reactivity to-
wards cyanide of ferric five-coordinate horse heart
carboxymethylated cytochrome c is higher than that of the native
protein [28,30].

Lastly, values of the rate constant for dithionite-mediated
reduction of the cyanide derivative of ferric monomeric heme-
proteins (i.e., I) range between 2.8 M'?s 1 and >1 x 102 M2 5!
(Table 1), reflecting the different ability of monomeric heme-
proteins to yield productive complex(es) with either dithionite or
with its byproduct SO, [31].

As a whole, present data indicate that heme binding to HPX,
that is crucial for the macrocycle scavenging, confers to HPX glo-
bin-like spectroscopic and reactivity properties. Since these fea-
tures depend on the transient protein-ligand interaction(s), they
have been called “chronosteric effects” [5,8,32].
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