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Abstract Hydroxylamine (HA) is an oxidant of ferrous
globins and its action has been reported to be inhibited
by CO, even though this mechanism has not been clari-
fied. Here, kinetics of the HA-mediated oxidation of fer-
rous carbonylated Mycobacterium tuberculosis truncated
hemoglobin N and O (Mt-trHbN(II)-CO and MztrHbO(I)-
CO, respectively) and Campylobacter jejuni truncated
hemoglobin P (Cj-trHbP(I)-CO), at pH 7.2 and 20.0 °C,
are reported. Mixing Mt-trHbN(II)-CO, Mt-trHbO(II)-
CO, and Cj-trHbP(I)-CO solution with the HA solution
brings about absorption spectral changes reflecting the
disappearance of the ferrous carbonylated derivatives with
the concomitant formation of the ferric species. HA oxi-
dizes irreversibly Mr-trHbN(II)-CO, Mt-trHbO(I)-CO,
and Cj-trHbP(II)-CO with the 1:2 stoichiometry. The dis-
sociation of CO turns out to be the rate-limiting step for
the oxidation of Mt-trHbN(II)-CO, Mt-trHbO(II)-CO, and
Cj-trHbP(II)-CO by HA. Values of the second-order rate
constant for HA-mediated oxidation of Mr-trHbN(II)-CO,
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Mt-trtHbO(II)-CO, and Cj-trHbP(II)-CO range between
8.8 x 10*and 8.6 x 107 M~ s, reflecting different struc-
tural features of the heme distal pocket. This study (1)
demonstrates that the inhibitory effect of CO is linked to
the dissociation of this ligand, giving a functional basis to
previous studies, (2) represents the first comparative inves-
tigation of the oxidation of ferrous carbonylated bacterial
2/2 globins belonging to the N, O, and P groups by HA,
(3) casts light on the correlation between kinetics of HA-
mediated oxidation and carbonylation of globins, and (4)
focuses on structural determinants modulating the HA-
induced oxidation process.

Keywords Truncated hemoglobin - Hydroxylamine -
Oxidation - Kinetics

Abbreviations
Cj-trHbP Campylobacter jejuni truncated hemo-
globin P

Ferrous Cj-trHbP

Carbonylated Cj-trHbP(IT)

Ferric Cj-trHbP

Cj-trHbP(IT)
Cj-trtHbP(I1)-CO
Cj-trHbP(I11)

HA Hydroxylamine

Hb Hemoglobin

Hb(I) Ferrous Hb

Mb Myoglobin

Mb(I) Ferrous Mb

Mb(II)-CO Carbonylated Mb(II)

Mt-trHbN Mycobacterium tuberculosis truncated
hemoglobin N

Mt-trHbN(I)
M-trHbN(II)-CO
Mi-trHbN(II)
Mt-trHbO

Ferrous Mt-trHbN

Carbonylated M¢-trHbN(II)

Ferric Mt-trHbN

Mycobacterium tuberculosis truncated
hemoglobin O
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Mi-trHbO(IT)
Mt-trHbO(I)-CO

Ferrous Mt-trHbO
Carbonylated Mt-trHbO(II)

Mt-trHbO(III) Ferric Mt-trHbO
Ngb Neuroglobin
NgbI) Ferrous Ngb
trHb Truncated Hb
Introduction

Globins, displaying either the 3-on-3 or the 2-on-2
a-helical fold, are present in all living organisms and are
ordered in three lineages: (1) flavohemoglobins and single
domain globins; (2) protoglobins and globin coupled sen-
sors; and (3) truncated hemoglobins (trHb) [1-7]. They
perform a wide range of essential biological functions
including ligand transport, storage, and sensing, as well as
heme-Fe-based catalysis [8—14].

Most of globin actions are impaired by the oxidation of
the heme-Fe atom [8, 15, 16]. Indeed, the maintenance of
hemoglobin (Hb) in the reduced form (heme-Fe(Il)) in vivo
depends primarily on two electron carriers, cytochrome b;
and NADH, and the enzyme cytochrome b5 reductase [17].

Among inorganic oxidizers, O,, the physiological ligand
of most globins, readily oxidizes heme-Fe(Il) (3% of Hb
is oxidized in 24 h), producing Hb-Fe(IlI) and the super-
oxide anion radical [8, 16]. Ferricyanide-mediated oxida-
tion of ferrous oxygenated, carbonylated, and nitrosylated
globins is preceded by O,, CO, and NO dissociation [8,
18-20]. The oxidation of ferrous oxygenated and nitros-
ylated globins by NO and O,, respectively, is characterized
by the transient formation of the heme-Fe(IlI)-peroxynitrite
complex preceding the release of NO;~ [21-31]. Peroxyni-
trite oxidation of ferrous carbonylated globins is limited by
the dissociation of CO, whereas the oxidation of the oxy-
genated derivative is characterized by the transient forma-
tion of an oxyferryl derivative preceding the formation of
the ferric form. In contrast, peroxynitrite oxidizes ferrous
nitrosylated globins via the transient formation of the fer-
ric nitrosylated species that undergoes NO dissociation
[30, 32-35]. The oxidation of ferrous globin derivatives
by H,0, involves the transient formation of the oxyferryl
derivative, and then, an electron is transferred from the glo-
bin to the heme-Fe(IV)=0 complex, resulting in peroxyl
and/or phenoxyl radicals and the heme-Fe(IlI) atom [16,
30]. For all these reactions, the oxidant:heme-Fe(II) atom
stoichiometry is 1:1 [8, 16-35]. In contrast, hydroxylamine
(HA) oxidation of ligand-free ferrous globins, with the
concomitant formation of ammonium, is characterized by
the HA:heme-Fe(II) atom:ammonium stoichiometry 1:2:1;
the reaction has been suggested to proceed via the gemi-
nate reduction mechanism [36-38]. The fast oxidation of
hexa-coordinated ferrous plant Hbs by HA in comparison
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with penta-coordinated globins, displaying an intrinsic low
affinity for HA, has been related to the weak hexa-coordi-
nation of the heme-Fe(Il) atom by the His distal residue,
which does not affect significantly the HA affinity. Moreo-
ver, the His distal side chain could contribute to the electron
transfer reaction, and could be involved in catalysis [38].
Accordingly, the HA-mediated oxidation of hexa-coordi-
nated ferrous human neuroglobin (Ngb(Il)) is impaired by
the tight heme-Fe(II)-His distal bond [38]. Moreover, the
oxidation of ferrous globins by HA has been reported to be
impaired by carbon monoxide and cyanide [36, 37].

The oxidation of ferrous carbonylated Mycobacterium
tuberculosis trHbN (Mt-trHbN(II)-CO), Mycobacterium
tuberculosis trHbO (Mt-trHbO(II)-CO), and Campylobac-
ter jejuni trHbP (Cj-trHbP(I1)-CO) by HA has been inves-
tigated to add further information to the intriguing reaction
of HA with ferrous globins. This study has been dictated
by the fact that HA has been reported to be involved in
the nitrogen metabolism by ammonia-oxidizing bacteria
[39-41]. Moreover, although no evidence for the involve-
ment of trHbs in the metabolism of endogenous and exog-
enous CO has been reported, the high affinity of CO for
trHbs [42—-44] may cause not only hypoxemia, but it may
impair heme-based chemistry by competitive binding to
the ferrous metal center. Present data indicate that: (1) the
heme-Fe atom:HA stoichiometry for the oxidation of Mt-
trHbN(II)-CO, Mt-trHbO(I1)-CO, and Cj-trHbP(I1)-CO is
2:1; (2) the rate of oxidation of the heme-Fe(Il) atom by
HA is limited by CO dissociation; and (3) the values of
the second-order rate constant for carbonylation and HA-
mediated oxidation of ferrous globins are correlated and
reflect the penta- and hexa-coordination of the heme-Fe
atom.

Materials and methods

Mt-trHbN(III), Mt-trHbO(II), and Cj-trHbP(III) were
cloned, expressed, and purified as previously reported
[42, 45, 46]. The concentration of Mt-trHbN(III), Mt-
trHbO(III), and Cj-trHbP(III) was determined spectropho-
tometrically at 406 nm (¢ = 1.4 x 10°M~! cm™!; pH 6.4),
409 nm (¢ = 1.0 x 10° M~! cm™!; pH 6.4), and 410 nm
(¢ = 1.4 x 10° M~ ecm™!; pH 6.4), respectively [47]. The
trHb solutions were prepared dissolving the heme-proteins
in 5.0 x 107> M phosphate buffer, pH 7.2, at 20.0 °C. The
ferric derivatives were obtained by adding ferricyanide
(final concentration, 2.0 x 1073 M) to the trHb solutions
[18]. Then, the ferric species were reduced to the ferrous
derivatives by adding sodium dithionite (final concen-
tration, 3.0 x 107> M). The excess of dithionite and by-
products were removed by passing the protein solutions
through a Sephadex G-10 gel filtration column (Amersham
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Biosciences Europe GmbH, Freiburg, Germany) equili-
brated in the air with 5.0 x 1072 M phosphate buffer, pH
7.2, at 20.0 °C [18]. Then, the ferrous oxygenated trHbs
solutions were gently degassed and the anaerobic CO solu-
tion (final concentration, 5.0 x 1074 M) was added, under
anaerobic conditions [18].

CO was purchased from Linde AG (Hollriegelskreuth,
Germany). The CO solution was prepared by keeping in
a closed vessel the 5.0 x 1072 M phosphate buffer solu-
tion (pH = 7.2) under CO at P = 760.0 mmHg anaerobi-
cally (20.0 °C). The solubility of CO in the aqueous buff-
ered solution is 1.03 x 1073 M, at P = 760.0 mmHg and
20.0 °C [18].

All the other products (from Merck KGaA, Darmstadt,
Germany) were of analytical grade and used without puri-
fication. The HA concentration was determined combining
the oxidation of HA to nitrite by iodate ion in the acidic
media and the nitrite determination by the acidic Griess
reaction [48, 49].

The value of the first-order rate constant for the HA-
induced conversion of ferrous carbonylated globins
[Fe(ID)-CO, i.e., Mt-trHbN(I)-CO, Mt-trHbO(I)-CO, and
Cj-trHbP(II)-CO] to their ferric derivatives [Fe(IIl), i.e.,
Mt-trHbN(11), Mt-trHbO(III), and Cj-trHbP(IID)] (i.e., k)
was determined by mixing the Fe(II)-CO solutions (final
concentration, ranging between 4.6 x 107% and 2.9 x 1073
M) with the HA solution (final concentration, 4.0 x 107>
t02.0 x 107 M) under anaerobic conditions, at pH = 7.2
(5.0 x 1072 M phosphate buffer) and 20.0 °C; no gaseous
phase was present (see [19, 35]). Kinetics was monitored
between 350 and 460 nm.

The time course of the HA-induced conversion of Mt-
trHbN(II)-CO, Mt-trHbO(II)-CO, and Cj-trHbP(II)-CO to
Mrt-trHbN(II), Mt-trHbO(IIl), and Cj-trHbP(III), respec-
tively, was fitted to a single or bi-phasic exponential
process(es) according to the minimum reaction mechanism
represented by Scheme 1 [37]. Kinetics reflects the com-
petition of CO and HA for the metal center, which is con-
trolled by the respective second-order association rate con-
stant, namely, 4’ for CO and k,, for HA.

Values of the first-order rate constant for the HA-
induced conversion of Mi-trHbN(I[)-CO, and Cj-
trHbP(I[)-CO  to Mr-trHbN(III) and  Cj-trHbP(IID),

h

respectively (i.e., k) have been determined from data
analysis, according to Egs. (1) and (2):

[Fe(Il)—CO], = [Fe(Il)—COJ; x (1 - e—k”), (1)

[Fe(I)—CO], = [Fe(I)—COJ; x e **, 2)

depending on the observation wavelength.

Values of the first-order rate constant for the HA-
induced conversion of Mt-trHbO(II)-CO to Mt-trHbO(III)
(i.e., k; and k) have been determined from data analysis,
according to Eqgs. (3) and (4):

[Fe(I)—CO]; = [Fe(I)-COJ;
< (rox (1= ) oy x (1 - eto)), @

[Fe(Il)—COJ; = [Fe(Il)—CO]J;
X (Yf X eikth‘f‘Ys X eikSXI)’ @

where Y, and Y, indicate the molar fraction of the fast and
slow reacting species, respectively.

Values of i and k,, have been determined from data
analysis, according to Eq. (5):

k= (h x ((HA]/[COD)/{(h x H/kon) + ([HA]/[COD},
&)

where H (= h’/h) is the association equilibrium constant
for Mt-trHbN(II), M¢-trHbO(II), and Cj-trHbP(II) carbon-
ylation [18, 42-44]. Equation (5) has been derived from
Eq. (6) [18, 19]:

1/k = (H /kon) X [COI/[HA] + 1/h. ©)

Data were analyzed according to Eq. (5), since the linear
representation of data (i.e., 1/k versus [CO]/[HA]) ignores the
error contribution to the experimental data points leading to
relative largely bias in the estimates of /& and & x H/k,, values
(see [50]).

It must be remarked that the plot of k as a func-
tion of [HA] (or of [HA]/[CO]), keeping constant
[CO] = 5.0 x 107* M, displays a leveling off, since at
high [HA] (whenever [HA]/[CO] > h x H/k,,), Eq. (5)
gives k = h.

k.

on

2Fe(IT)-CO + HA+—=2Fe(Il) + 2CO + HA + 2H*—2Fe(IIl) + NH,* + OH-

h7

Scheme 1 HA-mediated oxidation of ferrous carbonylated trHbs. &
is the first-order rate constant for CO dissociation from Fe(II)-CO, h’
is the second-order rate constant for CO association, and k, is the
second-order rate constant for the binding of hydroxylamine to Fe(II).

k., represents the rate-limiting step of the overall HA-mediated oxi-
dation of Fe(II) to Fe(IIl) with the simultaneous reduction of HA to
NH,* [36-38]. HA indicates NH,OH

@ Springer
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On the other hand, according to Eq. (5), when k = h/2,
we have that i x H/k,, = [HA]/[CO] from which the val-
ues of k,, have been obtained according to Eq. (7):

konzh X H/R, (7)

where R is the [HA]/[CO] value at k = h/2. Equation (7)
has been solved accounting for either values of 4 and H
obtained from the literature [42—44, 51] or of values of &
calculated from fitting of data.

The results are given as mean values of at least four
experiments plus or minus the corresponding standard
deviation. All data were analyzed using programs Matlab
(The Math Works Inc., Natick, MA, USA) and GraphPad
Prism (GraphPad Software, San Diego, CA, USA).

Results and discussion

The HA-induced conversion of Mz-trHbN(II)-CO, Mt-
trHbO(II)-CO, and Cj-trHbP(II)-CO to Mt-trHbN(ID),
Mt-trHbO(II), and Cj-trHbP(III), respectively, was inves-
tigated as a function of the HA concentration between 350
and 460 nm, at pH 7.2 and 20.0 °C. Difference absorption
spectra shown in Figs. 1, 2, and 3 are much more informa-
tive than absolute absorption spectra allowing to put in
evidence small variations, which would be missed only by
looking at absolute absorption spectra.

Mixing the Mr-trHbN(II)-CO, Mt-trHbOII)-CO, or
Cj-trHbP(I)-CO solution with the HA solution brings
about absorption spectral changes in the Soret band
reflecting the disappearance of the ferrous carbonylated

Fig. 1 Kinetics of HA-induced conversion of Mt-trHbN(II)-CO to »

Mt-trHbN(III). a Difference absorption spectrum of Mt-trHbN(II)-CO
minus Mt-trHbN(III) obtained by mixing Mz-trHbN(I)-CO and HA
solutions (squares). The dotted line indicates the difference absorp-
tion spectrum of Mt-trHbN(II)-CO minus Mt-trHbN(III) calculated
from the absolute absorption spectra of Mt-trHbN(II)-CO and Mt-
trHbO(III). b Dependence of the molar fraction of Mt-trHbN(III)
(i.e., a) on the HA concentration. The Mt-trHbN(II)-CO concentra-
tion is 2.7 x 107> M. The [HA]:[MztrHbN(I)-CO] stoichiometry
is 0.53:1.0 (arrow). ¢ Normalized averaged time courses of the HA-
induced conversion of Mt-trHbN(II)-CO to Mt-trHbN(III). The time
courses were normalized at 406 nm (trace a) and 422 nm (trace b).
The time course analysis according to Egs. (1) (A = 406 nm; trace
a) and (2) (A = 422 nm; trace b) allowed to determine the value of
k=3.6 x 1073 s7!. The HA concentration was 5.0 x 10~ M. The
[HA]/[CO] ratio was 1.0. d Dependence of k for the HA-induced con-
version of Mt-trHbN(II1)-CO to Mr-trHbN(III) on the [HA]/[CO] ratio.
The continuous and dashed lines were calculated according to Eq. (5)
with the following parameters: 7 = 5.2 x 1073 57! (from [42, 511)
and R = 0.55, and h = 5.6 x 1073 s~! (present study) and R = 0.66,
respectively. Where not shown, standard deviation is smaller than the
symbol. For details, see text
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derivatives with the concomitant formation of the ferric
species (Figs. 1, 2, 3, panel A). The optical absorption
spectra of ferrous carbonylated and ferric heme-proteins
obtained here match very well with those reported in the
literature (see Table 1) (see [18, 35, 42-44, 47, 52, 53]).

As shown in Figs. 1, 2, and 3 (panel B), HA catalyzes
the conversion of M-trHbN(II)-CO, Mt-trHbOI)-CO,
and Cj-trHbP(II)-CO to Mr-trHbN(III), M-trHbO(II), and
Cj-trHbP(III), respectively, with the 1:2 stoichiometry, as
already reported for ferrous deoxygenated human Hb, horse
heart Mb, rice non-symbiotic Hb, and Synechocystis Hb [36,
37]. This behavior corresponds to the reaction reported in
Scheme 1 suggesting that for the overall process either the
geminate or the dissociative mechanism could be operative
(Scheme 2) [37]. On one hand, the geminate mechanism
accounts for the delivery of two electrons to a single HA
molecule, while it is bound to the same globin molecule. On
the other hand, the dissociative mechanism would be char-
acterized by a partially reduced HA species that dissociates
from a heme-Fe(III) center and binds to another heme-Fe(II)
species to trap the second electron (see Scheme 2).

No spectroscopic intermediates have been observed in
the HA-mediated conversion of Mt-trHbN(I)-CO, Mt-
trHbOI)-CO, and Cj-trHbP(II)-CO to Mt-trHbN(II),
Mt-trHbO(IID), and Cj-trHbP(III), respectively (Figs. 1,
2, 3), although the E7 residue of M¢-trHbN is Leu [42].

Fig. 2 Kinetics of HA-induced conversion of Mz-trHbO(II)-CO to »

Mt-trtHbO(III) (fast phase, filled triangles; slow phase, open trian-
gles). a Difference absorption spectrum of Mt-trHbO(II)-CO minus
Mt-trHbO(III) obtained by mixing M#-trHbO(II)-CO and HA solu-
tions (open-filled triangles). The filled and open triangles indicate the
difference absorption spectra of the fast and the slow phase, respec-
tively, of Mt-trHbO(II)-CO minus Mt-trHbO(Il). The dotted line
indicates the difference absorption spectrum of Mr-trHbO(II)-CO
minus Mt-trHbO(III) calculated from the absolute absorption spec-
tra of MttrHbN(II)-CO and Mt-trHbO(IIl). b Dependence of the
molar fraction of Mt-trHbO(III) (i.e., o) on the HA concentration.
The Mt-trHbO(II)-CO concentration is 2.8 x 107> M. The [HA]:[Mr-
trHbO(II)-CO] stoichiometry is 0.53:1.0 (arrow). ¢ Normalized aver-
aged time courses of the HA-induced conversion of Mt-trHbO(II)-
CO to Mt-trHbO(III). The time courses were normalized at 408 nm
(trace a) and 421 nm (trace b). The time course analysis according to
Egs. (3) (A =408 nm; trace a) and (4) (A = 421 nm; trace b) allowed
to determine the values of k; = 2.9 x 107 s~! and k, = 1.3 x 1073
s~!. The values of Y; and ¥, were 0.55 and 0.45, respectively. The
HA concentration was 2.0 x 107* M. The [HA]/[CO] ratio was
4.0 x 107!, d Dependence of k for the HA-induced conversion of
Mt-trHbO(IT)-CO to Mt-trHbO(III) on the [HA]/[CO] concentration.
The continuous and dashed lines were calculated according to Eq. (5)
with the following parameters: slow phase: 4 = 1.5 x 1073 s~! (from
[43]) and R = 0.14, and h = 1.7 x 1073 s7! (present study) and
R = 0.19, respectively; fast phase: 7 = 4.0 x 1073 s~! (from [43])
and R = 0.16, and h = 4.0 x 1073 57! (present study) and R = 0.16,
respectively. For details, see text and Fig. 1
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Fig. 3 Kinetics of HA-induced conversion of Cj-trHbP(II)-CO to »

Cj-trHbP(III). a Difference absorption spectrum of Cj-trHbP(II)-
CO minus Cj-trHbP(III) obtained by mixing Cj-trHbP(I[)-CO and
HA solutions (diamonds). The dotted line indicates the difference
absorption spectrum of Cj-trHbP(II)-CO minus Cj-trHbP(III) calcu-
lated from the absorbance absorption spectra of Cj-trHbP(I[)-CO and
Cj-trHbP(III). b Dependence of the molar fraction of Cj-trHbP(III)
(i.e., o) on the HA concentration. The Cj-trHbP(II)-CO concentra-
tion is 2.9 x 107> M. The [HA]:[Cj-trHbP(I)-CO] stoichiometry is
0.48:1.0 (arrow). ¢ Normalized averaged time courses of the HA-
induced conversion of Cj-trHbP(II)-CO to Cj-trHbP(III). The time
courses were normalized at 409 nm (trace a) and 420 nm (trace b).
The time course analysis according to Egs. (1) (A = 409 nm; trace
a) and (2) (A = 420 nm; trace b) allowed to determine the value of
k=7.1 x 1072 s7!. The HA concentration was 5.0 x 10~ M. The
[HAJ/[CO] ratio was 1.0 x 107'. d Dependence of k for the HA-
induced conversion of Cj-trHbP(II)-CO to Cj-trHbP(III) on the [HA]/
[CO] ratio. The continuous and dashed lines were calculated accord-
ing to Eq. (5) with the following parameters: & = 4.0 x 107! 5!
(from [44]) and R = 0.52, and h = 3.5 x 107 57! (present study) and
R = 0.42, respectively. For details, see text and Fig. 1

Indeed, the HisE7Leu mutant of non-symbiotic rice
Hb undergoes transient spectral changes that reflect the
occurrence of the short-lived heme-Fe(II)-HA complex
[38]. The absence of spectroscopic intermediates is not an
unexpected feature since the HA-mediated oxidation of
carbonylated trHbs is rate-limited by CO dissociation.

The absence of spectroscopic intermediates suggests
that: (1) the reaction could proceed via the geminate reduc-
tion mechanism, as proposed for the HA-catalyzed oxida-
tion of ferrous deoxygenated human Hb, horse heart Mb,
rice non-symbiotic Hb, and Synechocystis Hb [36, 37] and
(2) the HA-induced oxidation of ferrous deoxygenated
heme-proteins is very rapid compared to CO dissociation
(see below). Although the dismutation of HA has been pos-
tulated (i.e., HA — N, + N,O + NH,*; the relative yields
of oxidized and reduced products are expected to be either
N, + 2N,0 = NH,* or N, ~ NH," when N,O is a minor
product) [36], this reaction appears unlikely, since only
ammonium has been detected as the final product of the
HA-mediated oxidation of ferrous globins [37].

The time course of M¢-trHbN(II)-CO and Cj-trHbP(II)-
CO oxidation by HA corresponds to a mono-exponential
process (Figs. 1, 3, panel C). On the other hand, the time
course of Mr-trHbO(II)-CO oxidation by HA is a bi-expo-
nential process, the fast and the slow phases representing
55 4+ 6 and 45 + 6%, respectively (Fig. 2, panel C); this
bi-exponential behavior is in agreement with kinetics of
0,, CO, and NO binding to M-trHbO(II) [43] reflecting
the existence of two different structural arrangements of the
heme distal pocket in the ferrous ligated trHb [54].
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Table 1 Values of X, and ¢ of the absorption spectra in the Soret
region of ferric and ferrous carbonylated derivatives of Mr-trHbN,
Mit-trHbO, and Cj-trHbP

Globin deriva- Present study® From literature

tive

Aoy (M) € (M_1 cm_l) Aoy (M) € (M_1 cm_])

max max

Mr-trHbN(ID)- 422 1.6 x 10° 422° 1.5 x 10°®
Cco

Mt-trHbN(III) 406 1.5 x 10° 406° 1.4 x 10>

Mr-trtHbO(I)- 421 1.8 x 10° 4214 1.9 x 10>
Cco

Mi-ttHbO(III) 408 1.1 x 10° 409° 1.0 x 10°°

Cj-ttHbP(Il)- 420 1.6 x 10° 419° 1.5 x 10>
Cco

Cj-trHbP(II) 409 1.4 x 10° 410F 1.4 x 10°°f

& pH 7.2 and 20.0 °C

b pH 7.5 and 20.0 °C. Values were calculated from [42]

¢ pH 6.4 and 20.0 °C. From [47]

d pH 7.5 and 23.0 °C. Values were calculated from [43, 45]
¢ pH 7.0 and 20.0 °C. Values were calculated from [44, 52]
f pH 7.0 and 20.0 °C. From [44, 53]

Fe(I-CO+HA

l

Fe(Il) + CO+HA
Fe(Il)-HA
l +H
Fe(II)-H,A"

~.

Fe(IIl) + H,A"

+Fj(II)/

Fe(Il)-H,AFe(Il)
l l+ Fe (1)
Fe(II)-H,A—Fe(IIl) Fe(ID)-HLA"
[ |
2Fe(Ill) + NH,+ OH Fe(IlI)-H,A-
l+ H
Fe(Ill) + NH,+ OH-

Geminate mechanism Dissociative mechanism

Scheme 2 Geminate and dissociative mechanisms for HA reduction
to NH,* by ferrous carbonylated trHbs. HA, H,A", and H,A ™ indicate
NH,OH, H,0-NH,, and H,O-"NH,, respectively. The symbol “-”
does not indicate a covalent bond

Values of the first-order rate constant for Mz-trHbN(II)-
CO, Mt-trHbO(II)-CO, and Cj-trHbP(II)-CO oxidation by
HA (i.e., k) do not increase linearly with the HA concentra-
tion (i.e., [HA]), but tend to level off (Figs. 1, 2, 3, panel
D). The analysis of data according to Eq. (5) allowed to
determine the values of: (1) & under conditions, where the
ratio [HA]/[CO] > h x H/k,, and (2) k., when k = h/2 (see
Eq. (7).

Values of kinetic and/or thermodynamic parameters for
Mt-trHbN(II)-CO, Mr-trHbO(ID)-CO,  Cj-trHbP(11)-CO,
rice non-symbiotic Hb1(II), soybean Hb(II), tomato Hb(II),
Synechocystis Hb(Il), horse heart Mb(II), Ngb(Il), and
human Hb(II) oxidation by HA (i.e., k,; present study and
from [36-38]) and/or for heme-protein (de)carbonylation
(i.e., h’, h, and/or H) [18, 44, 51, 55-61] are summarized
in Table 2.

As shown in Figs. 1, 2, and 3 (panel D), the conversion
of Mt-trHbN(II)-CO, Mt-trHbO(I)-CO, and Cj-trHbP(II)-
CO to Mt-trHbN(III), Mt-trHbO(III), and Cj-trHbP(ID),
respectively, catalyzed by HA is limited by a rate, whose
value is represented by the asymptotic value of k (= h
when [HA)/[CO] > h x H/k,,, see Eq. 5), which turns
out to be very close to that of CO dissociation from Mt¢-
trHbN(I)-CO, Mt-trHbO(I1)-CO, and Cj-trHbP(II)-CO
taken from the literature [42-44] (i.e., h, see Table 2).
This suggests that HA reacts only with penta-coordinated
heme-Fe(Il) atom (see also [38]), according to Scheme 1.
Therefore, the observed inhibition of the HA-mediated
oxidation of rice non-symbiotic Hbl(Il), Synechocystis
Hb(I), horse heart Mb(II), and human Hb(II) by CO [36,
37] may reflect the very low heme-Fe(II)-CO decarbonyla-
tion rate (i.e., i) representing the limiting step of the over-
all process.

An interesting relationship has been observed by plot-
ting i’ versus k,, (Fig. 4), indicating that kinetics of CO
binding and of HA-mediated oxidation may be correlated
according to the different structural features of the heme
site and/or of the structural arrangement of the energetic
barriers along the ligand pathway toward the heme pocket.
However, it must be pointed out that both penta-coordi-
nated horse heart Mb, human Hb, Mz-trHbN and Cj-trHbP
and hexa-coordinated rice non-symbiotic Hb1, soybean Hb,
and tomato Hb appear to fall on the same linear correlation,
while the two forms of Ms-trHbO and human Ngb as well
as Synechocystis Hb are outside. This suggests that differ-
ent structural elements modulate the oxidation and ligand
binding properties of the metal center.

In this respect, it must be remarked that all penta-coor-
dinated heme-proteins (i.e., Mz-trHbN, Cj-trHbP, horse
heart Mb, and human Hb) fall along the same correlation
line (see Fig. 4), indeed indicating that kinetic determinants
for the binding of CO [18, 42, 44, 61] and HA [36, 37] to
the penta-coordinated heme-Fe(Il) atom are similar. On the
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Table 2 Kinetic parameters

X o HA Cco
for HA-mediated oxidation and
(de)carbonylation of ferrous koy M71s7hy P (MY P M7tsTh h(s™h
heme-proteins
Mt-trHbN(II)-CO 8.5 x 10°° 5.6 x 1073°
5.2 x 1073¢
Mt-trHbN(II) 1.0 x 10 5.3 x 10%
Mt-trHbO(II)-CO 1.1 x 10°° 1.7 x 1073 (45%)®
1.5 x 1073 (40%)¢
8.8 x 10* 4.0 x 1073 (55%)"
4.0 x 1073 (60%)?
Mb-trHbO(II) 1.2 x 10% 1.8 x 10° (21%)¢
3.5 x 10%9 1.4 x 10* (79%)°
Cj-trHbP(I)-CO 8.6 x 107° 3.5x 107°
1.8 x 10°%° 4.0 x 1071
Cj-trHbP(IT) 1.1 x 10% 4.5 x 107 (15%)°
48 x 10°¢ 1.9 x 10° (85%)°
Rice non-symbiotic Hb1(II) 2.5 x 104 6.0 x 10°¢
Soybean Hb(II) ~1.5 x 10° 1.6 x 10” 1.3 x 107 7.8 x 1073
Tomato Hb(II) ~7.5 x 10* 5.0 x 107 1.0 x 10% 2.0 x 107%
Synechocystis Hb(IT) 2.8 x 10% 3.0 x 10°%
Horse heart Mb(II) 2.5 x 10 5.0 x 10°!
Human Ngb(II) ~6.3 x 10? ~8.0 x 10°™
~2.0 x 10°™
Human Hb(II) 3.0 x 10'" 3.5 x 10!
1.1 x 10'" 2.0 x 10°'d
*H="nIh

® pH 7.2 and 20.0 °C. Present study

¢ pH 7.0 and 20.0 °C. From [42,
4 pH 7.5 and 23.0 °C. From [43]
¢ pH 7.0 and 20.0 °C. From [44]

51]

f pH 7.0 and room temperature. From [37]

£ pH 7.0; the temperature is not reported. From [55]

h pH 7.0; the temperature is not reported. From [38]

! pH 7.0 and 25.0 °C. From [58,
J pH 7.0 and 25.0 °C. From [60]
k pH 7.0 and 20.0 °C. From [56,
! pH 7.0 and 20.0 °C. From [18]

59]

57]

™ pH 7.0 and 25.0 °C. From [61]

" pH 7.0 and 25.0 °C. From [36]

same correlation line, we find also the hexa-coordinated rice
non-symbiotic Hb1, soybean Hb, and tomato Hb [37, 38§]
(Fig. 4), indicating that the energy of the sixth axial bond is
fairly low and the dissociation of the endogenous ligand does
not affect significantly the interaction of CO [55, 58-60] and
HA [37, 38]. Indeed, the energy of the sixth axial bond in
hexa-coordinated Hbs has been suggested to be an impor-
tant factor in regulating HA reduction kinetics, such that a
fast dissociating sixth ligand appears to even facilitate the
HA reaction [38]. The intrinsically low affinity of HA for
penta-coordinated globins has been highlighted by the low

@ Springer

reactivity of the HisE7Leu mutant of rice non-symbiotic Hb
[38]. However, the high reactivity of Cj-trHbP could reflect
the in-plane geometry of the heme-Fe atom [53]. Moreo-
ver, the HA-mediated oxidation of ferrous hexa-coordinated
human Ngb(Il) is impaired by the tight coordination of the
distal His residue to the heme-Fe(II) atom [38].

Somewhat different determinants must also come into
play for the low-reactive hexa-coordinated heme-proteins,
namely, MttrHbO, Synechocystis Hb, and human Ngb;
thus, in these cases, the observed CO binding rate constants
determined by rapid-mixing experiments [54, 56, 61] turn
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Log kyp

Fig. 4 Relationship between values of k., for the HA-induced oxi-
dation (M~' s™1) and of 4’ for carbonylation (M~" s~!) of Mr-trHbN
(square), Mt-trtHbO (open and filled triangles), Cj-trHbP (open and
filled diamonds), rice non-symbiotic Hbl (filled circles), soybean,Hb
(cross), tomato Hb (dotted circle), Synechocystis Hb (crossed cir-
cle), horse heart Mb(II) (open circle), human Hb (crossed and filled
squares), and human Ngb (black-white and crossed diamonds). The
continuous line was calculated by linear regression of data referring
to Mt-trHbN, Cj-trHbP, rice non-symbiotic Hbl, horse heart Mb, and
human Hb. For details, see text

out to be much slower with respect to rice non-symbiotic
Hb1 [55], in spite of closely similar (or even faster for one
of the two forms of Mt-trHbO) HA association rate con-
stants (present study and [37, 38]) (Fig. 4 and Table 2).
This suggests that the lower CO reactivity of Mr-trHbO,
Synechocystis Hb, and human Ngb with respect to HA (see
Table 2), which positions them outside the linear correla-
tion (Fig. 4), could be attributed to a higher bond energy
for the hexa-coordinating ligand(s), which plays a major
role for CO binding than for HA binding. This can be very
well observed by comparing rice non-symbiotic Hb1 and
the slow-reacting form of Mr-trHbO. In fact, these globins
display a closely similar &, value for the reaction with HA,
but rice non-symbiotic Hbl shows a 400-fold faster CO
binding rate constant (i.e., #’) (Fig. 4; Table 2).

Concluding remarks

The oxidation of ferrous heme-proteins by HA (present
study and [36-38]) is reminiscent to that induced by fer-
ricyanide [18, 19, 62] and peroxynitrite [35], although
the globin:ferricyanide and :peroxynitrite stoichiometry
is 1:1. Values of k,, for the oxidation of Coryphaena hyp-
purus Mb(II) by ferricyanide (1.2 x 10’ M~ s71) [19] and
horse heart Mb(II) by peroxynitrite (~10’ M~! s71) [35] are
similar to that observed for M-trHbN(II) oxidation by HA
(8.5 x 10° M~! s7!; Table 2; present study). As reported
here for the HA-induced oxidation of Mt-trHbN(II)-CO, Mt-
trHbO(I)-CO, and Cj-trHbP(II)-CO (see Figs. 1, 2, 3), the

oxidation of Coryphaena hyppurus Mb(I)-CO and horse
heart Mb(II)-CO by ferricyanide is limited by CO dissocia-
tion [19, 20, 35], clearly indicating that the oxidation takes
place in the penta-coordinated species and requires the disso-
ciation of the hexa-coordinating ligand of the heme-Fe atom.

In conclusion, this investigation has demonstrated that,
like for the oxidation of the heme-Fe(II) atom induced by
ferricyanide and peroxynitrite, the hydroxylamine-induced
oxidation requires a penta-coordinated metal center, being
rate-limited by the dissociation of an exogenous ligand.
This evidence explains the inhibitory effect exerted by CO
on the oxidation of human Hb, horse heart Mb, rice non-
symbiotic Hb1, and Synechocystis Hb by HA [36, 37]. In
particular, it must be pointed out that in penta-coordinated
species, the structural determinants of CO binding and
HA-induced oxidation appear to be essentially the same,
as indicated by the linear correlation between the second-
order rate constants of HA and CO association. However, in
the case of the hexa-coordinated Mt-trHbO and Synecocys-
tis Hb, the bond strength of the hexa-coordinating endog-
enous ligand seems to play a larger role for CO binding
(ALogh’ ~2.7; Fig. 4) than for the HA-induced oxidation
rate (ALogk,, ~1; Fig. 4), indeed suggesting that the redox
ligand-linked equilibrium might be regulated in a different
fashion, eventually including electron transfer pathways
within the protein matrix [63]. It should be pointed out that
in the case of Mr-trHbO, the hexa-coordinating ligand is
not His but TyrB10 or TyrCD1 [54] and this may affect the
HA reduction rates, as suggested for plant Hbs [38].

As a whole, this investigation indicates that in penta-
coordinated heme-proteins, the electron transfer occurs
preferentially (though not uniquely) through the direct
interaction of the electron donor (or acceptor) with the
metal center, requiring the dissociation of any exogenous
ligand. Conversely, in the case of heme-proteins, where an
endogenous ligand axially coordinates the heme-Fe atom, a
different strategy seems to have been developed, allowing
the same electron donor (or acceptor) to efficiently transfer
electrons through alternative pathways, which need to be
identified.
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