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Abbreviations

A unique defense mechanisms by which Mycobacterium tuberculosis pro-
tects itself from nitrosative stress is based on the O,-dependent NO-dioxy-
genase (NOD) activity of truncated hemoglobin 2/2HbN (M¢2/2HbN). The
NOD activity largely depends on the efficiency of ligand migration to the
heme cavity through a two-tunnel (long and short) system; recently, it was
also correlated with the presence at the Mt2/2HbN N-terminus of a short
pre-A region, not conserved in most 2/2HbNs, whose deletion results in a
drastic reduction of NO scavenging. In the present study, we report the
crystal structure of M2/2HbN-ApreA, lacking the pre-A region, at a reso-
lution of 1.53 A. We show that removal of the pre-A region results in long
range effects on the protein C-terminus, promoting the assembly of a stable
dimer, both in the crystals and in solution. In the M2/2HbN-ApreA dimer,
access of heme ligands to the short tunnel is hindered. Molecular dynamics
simulations show that the long tunnel branch is the only accessible path-
way for O,-ligand migration to/from the heme, and that the gating residue
Phe(62)E15 partly restricts the diameter of the tunnel. Accordingly, kinetic
measurements indicate that the k,, value for peroxynitrite isomerization by
M12/2HbN-ApreA-Fe(IIl) is four-fold lower relative to the full-length pro-
tein, and that NO scavenging by M72/2HbN-ApreA-Fe(I11)-O, is reduced
by 35-fold. Therefore, we speculate that Mr2/2HbN evolved to host the
pre-A region as a mechanism for preventing dimerization, thus reinforcing
the survival of the microorganism against the reactive nitrosative stress in
macrophages.

2/2Hb, 2-on-2 globin; At2/2AHb3, 2/2AHb3 from Arabidopsis thaliana, DLS, dynamic light scattering; FdR, NADH-flavodoxin reductase; ILS,
implicit ligand sampling; MD, molecular dynamics; Mt2/2Hb, Mycobacterium tuberculosis 2/2Hb; Mt2/2HoN-ApreA, Mt2/2HbN deletion
mutant devoid of the first 11 amino acids; NOD, nitric oxide dioxygenase; PDB, Protein Data Bank.
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Coordinates and structure factors have been deposited in the Protein Data Bank under acces-

sion number 5ABS.

Introduction

The ‘truncated’ 2/2 hemoglobins (2/2Hbs) are small
oxygen-binding heme proteins identified in bacteria,
higher plants and certain unicellular eukaryotes, build-
ing a separate cluster within the hemoglobin superfam-
ily. 2/2Hbs display amino acid sequences that are
20-40 residues shorter than (non)vertebrate Hbs, to
which they are loosely related by sequence similarity
(sequence identity < 20%) [1-4].

The 2/2Hb protein fold has been described as con-
sisting of a simplified version of the ‘classical’ globin
fold typical of sperm whale Mb (a 3-on-3 o-helical
sandwich) [5]. The topology of the 2/2Hb fold is char-
acterized by a 2-on-2 a-helical sandwich, based on four
a-helices, corresponding to the B/E and G/H antipar-
allel helix pairs of the classical globin fold, which
surround and shield the heme group from the solvent
[6-9].

Based on amino acid sequence analysis, three 2/
2Hbs phylogenetic groups (groups I, II and III, whose
members are designated by the N, O and P suffixes,
respectively) were recognized, with the proteins being
orthologous within each group and paralogues across
the groups. In some cases, 2/2Hbs from more than one
group can coexist in the same organism, indicating the
diversification of their functions [2].

In general, members of the 2/2Hb family are mono-
meric or dimeric proteins, characterized by medium to
very high oxygen affinity [10]. Some of the organisms
hosting 2/2Hbs are pathogenic bacteria; others per-
form photosynthesis, fix nitrogen or may display dis-
tinctive metabolic capabilities. Nevertheless, limited
functional information is currently available for these
proteins. Examples of proposed functions include
nitric oxide detoxification, protection from reactive
oxygen and nitrogen species, dioxygen scavenging, and
sulfide binding [11-15]. Most of the functional analyses
have been reported for mycobacterial 2/2Hbs that have
been implicated in scavenging of reactive nitrogen spe-
cies [1,2,16] produced by activated macrophages
expressing inducible NO-synthase [17-22]. For exam-
ple, Mycobacterium tuberculosis 2/2HbN (Mt2/2HbN)
is endowed with a potent nitric-oxide dioxygenase
(NOD) activity; the protein has been found to relieve
nitrosative stress [10,11,23], enhancing the survival of

the heterologous host Salmonella enterica serovar
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typhimurium within macrophages [24]. It has also been
demonstrated that disruption of the g/bN gene, encod-
ing 2/2HbN, in  Mycobacterium bovis  bacillus
Calmette—Guérin causes a dramatic reduction in the
NO-consuming activity of stationary phase cells,
resulting in marked NO-induced inhibition of aerobic
respiration relative to the wild-type cells [11]. Indeed,
the NOD function appears to be more common and
ancient than the classic O, transport-storage function,
or any other function, within the Hb superfamily [25].
X-ray crystallographic and computational studies have
highlighted the relationship between structure and
NOD function of key residues in M¢2/2HbN [26-29].
Moreover, a number of experimental studies have been
devoted to the spectroscopic and structural characteri-
zation of binding of diatomic ligands (CO, O,, NO
and cyanide) to M72/2HbN [10,30-33]. These studies
indicate that ligand binding is largely controlled by a
pair of interacting amino acids, Tyr(33)B10 and GlIn
(58)E11, which are present in the heme distal site and
participate in hydrogen bonding with the heme-bound
0, [10,26,30,31]. On the other hand, analysis of the
M12/2HbN three-dimensional structure has shown that
the protein, similar to other members of the 2/2HbN
group I, is characterized by the presence of a protein
matrix tunnel system, which connects the protein sur-
face to an inner region merging with the heme distal
site [34,35]. These data are in keeping with the accu-
mulating evidence indicating that oxygen access in pro-
teins (not only globins, but also flavoprotein oxidases,
cytochrome ¢ oxidases, [NiFe]-hydrogenase and others)
is guided and controlled [36-38]. O, diffusion through
the protein matrix can occur on the (tens of) nanosec-
ond time scale, based on dynamic fluctuations of the
protein structure and (transient) inner cavities.
Although such processes, often explored through
molecular dynamics (MD) and O,-based quenching of
fluorescence experiments [39,40], show that diffusion
of O, is dynamically possible along several different
paths, O, prolonged residence in (transient) hydropho-
bic cavities, separated by free energy barriers of 2-
5 kcal-mol™!, is a commonly observed feature. Static
protein matrix tunnels, with entry points at the protein
surface, such as those identified in M2/2HbN, may
facilitate fast ligand diffusion and add regulatory
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gating mechanisms on specific lining residues. More-
over, a clearly identified tunnel, as opposed to paths
through a densely packed protein matrix, may host
several O, molecules at the same time, thus increasing
critically the local concentration of the ligand.

M12/2HDbN is characterized by a tunnel system com-
posed of two approximately orthogonal branches con-
verging at the heme distal site from two distinct
protein surface access sites. A 20-A long tunnel branch
connects the protein region nestled between the AB
and GH hinges to the heme distal site, whereas a short
tunnel branch of approximately 8 A connects an open-
ing in the protein structure, between G- and H-helices,
to the heme [34]. Residues lining both tunnel branches
are hydrophobic and are substantially conserved
throughout group I 2/2Hbs [2].

NMR spectroscopy and MD data indicate that
rigidity of the B, E, G and H helices, which form the
2/2Hb helical core, may prevent the optimization of
internal side-chain van der Waals interactions that
would otherwise result in tighter side-chain packing
and the loss of tunnels. At the same time, the free
internal volume of tunnels, coupled with thermal fluc-
tuations, may allow conformational flexibility of resi-
dues lining the tunnels, a mandatory property for
diatomic ligand migration [28,41,42]. In particular Phe
(62)E15, a tunnel long branch residue, can adopt two
conformations where its phenyl side chain may block
the tunnel branch (the so-called closed state) or not
(the open state) [26,34]. However, the results of a
recent study suggest that the so-called closed state does
not fully prevent transit of ligands [43].

Migration of O, and NO to the M¢2/2HbN distal
heme cavity has been proposed to be supported by a
dual-path mechanism, where Phe(62)E15 primarily
adopts the closed conformation in deoxygenated Mr2/
2HbN; hence, O, would enter the protein via the short
tunnel branch. Conversely, transitions between open
and closed forms of the Phe(62)E15 gate would facili-
tate entrance of the second ligand (NO) via the long
tunnel branch in oxygenated M12/2HbN [27,44-47].
On the other hand, different MD simulations sug-
gested that the short tunnel branch would preferen-
tially be used by NO to reach the distal heme pocket.
Such a preference was ascribed to the hydrophobic
funnel-shaped tunnel entrance, covering a large area
extending far from the tunnel entrance [41].

Strikingly, the Mt2/2HbN NOD activity has been
correlated with the presence of the M2/2HbN-specific
pre-A short helix (Fig. 1). Deletion of the pre-A region
from the Mr2/2HbN drastically reduces its ability to
scavenge NO (present study), whereas its insertion at
the N-terminus of Mycobacterium smegmatis 2/2HbN,
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Fig. 1. The Mt2/2HbN-ApreA tertiary structure. Ca-trace overlay of
M1t2/2HbN-ApreA (green) and Mt2/2HbN (orange). The locations of
the N- and C-termini of Mt2/2HbN-ApreA and Mt2/2HbN, as well
as of the pre-A helix in Mt2/2HbN, are indicated.

which lacks the pre-A region, improved its NOD activ-
ity [29]. MD simulations on a theoretical model where
the pre-A motif was deleted from the full-length M72/
2HbN suggested that excision of the pre-A motif
would trigger distinct changes in protein dynamics,
hampering the open/closed transitions of the Phe(62)
El5 gate, and trapping the tunnel long branch in a
closed conformation, thus hindering migration of dia-
tomic ligands toward the heme distal site [29]. Further-
more, deletion of the pre-A region was shown to
abrogate the heme iron reduction by NADH-flavo-
doxin reductase (FdR), thus signifying its involvement
in the intermolecular interactions between M72/2HbN
and FdR that are needed for HbN recycling during
NO deoxygenation [48].

In consideration of the peculiar structural and func-
tional properties displayed by M¢2/2HbN, we focused
our attention on the roles played by the N-terminal
pre-A region, which is scarcely conserved in 2/2Hbs.
Specifically, we solved the crystal structure of a dele-
tion mutant devoid of the first 11 amino acids (here-
after named M12/2HbN-ApreA). Furthermore, the
peroxynitrite scavenging of Mt2/2HbN-ApreA-Fe(I11)
and the NO detoxification properties of Mr2/2HbN-
ApreA-Fe(II)-O, were analyzed. Finally, MD simula-
tions allowed us to explore the dynamical properties of
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the M12/2HbN-ApreA variant, with the aim of gaining
insight into the potential regulatory role of the pre-A
region on the NO-detoxifying ability of M¢2/2HbN.

Results

Crystal structure of Mi2/2HbN-ApreA

Ferric M12/2HbN-ApreA crystallizes in the hexagonal
space group P6,22 (Table 1), with one protein mole-
cule in the asymmetric unit. The structure was refined
at a resolution of 1.53 A to final Rpacior and Ry val-
ues of 14.0% and 20.9%, respectively (Table 1). The
tertiary structure of Mr2/2HbN-ApreA in its backbone
closely matches that of full-length Mt2/2HbN [26], dis-
playing a RMSD value of 0.65 A, as calculated for
105 Ca atom pairs (residues 12-117) (Fig. 1). This
result is in accordance with previous CD data indicat-
ing that the deletion of the pre-A region does not pro-
duce major changes in the protein overall structure,
nor negatively affect its structural integrity [29]. How-
ever, the analysis of the Mr2/2HbN-ApreA crystal

Table 1. Data collection and refinement statistics.

Data collection

Space group P6,22
Cell dimensions
a b c(A) 43.2, 46.2, 212.9

a, B,y () 90.0, 90.0, 120.0
Resolution (A) 53.23-1.53 (1.61-1.53)°
Number of reflections 293 750
Unique reflections 18 944
Rmerge (%)° 10.1 (40.3)

/o() 15.7 (56.8)

Completeness (%) 99.9 (99.6)

Multiplicity 15.5 (15.9)
Refinement statistics

Riactor Rtree (%)° 14.0/20.9

Protein residues 117 (residues 12-128)

Heme groups 1
Formate 1
Glycerol 2
Acetate 1
Water molecules 148
RMSD from ideality

Bond lengths (A) 0.010

Bond angles (°) 1.5
Ramachandran plot (%)

Most favored 99.1

Additionally allowed 0.9

Disallowed regions 0.0

@ Highest resolution shell parameters are shown in parentheses.
b Rmerge = ZnZilhi = <h>VEnZiki. © Rractor = Znll Fops! — IFealcl/Enl Fops!,
with Fops and Fee being the observed and calculated structure
factor amplitudes, respectively.
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structure shows that specific differences are present in
the backbone conformation of the second half of the
H-helix, which shifts closer to the E-helix by approxi-
mately 1.6 A [Ca-Co distance as measured between
Phe(62)E15 and Ile(119)H14], relative to the full-length
protein (Fig. 2A,B). Moreover, the C-terminal segment
of the protein (residues 125-128) adopts an orientation
opposite to that observed in the full-length protein
(Figs 1 and 2A,B).

The deletion of the N-terminal region of ferric M2/
2HbN-ApreA does not alter the overall structure of
the heme-binding pocket (Fig. 2C,D). Notably, a for-
mate molecule (from the crystallization solution) is
bound to the heme-Fe(IIT) atom, with a coordination
bond to the formate Ol atom of 1.86 A. The second
oxygen atom (O,) of the formate molecule is hydrogen
bonded to Tyr(33)B10 OH (2.50 A). Such a ligand
binding mode is very similar to that observed for cya-
nide in M2/2HbN-Fe(IIl) [Protein Data Bank (PDB)
code: 1RTE] (Fig. 2C), and for O, in Mt2/2HbN-Fe
(II) (PDB code: 1IDR) (Fig. 2D). Nevertheless, a
minor backbone shift is present (range 0.5-1.5 on) in
the CE hinge region, at residues 48-52.

Dimerization and heme accessibility

Dynamic light scattering (DLS) experiments on M72/
2HbN-ApreA show that the protein is mostly
monodisperse, with 99.7% of the scattering mass hav-
ing a hydrodynamic radius of 2.3 nm, corresponding
to an estimated molecular mass of approximately
23 kDa, almost matching that of a dimeric species
(Fig. 3). Accordingly, packing of protein molecules in
the crystal shows a symmetrical M12/2HbN-ApreA
homodimer, whose association interface is contributed
mostly by residues belonging to the G- and H-helices,
the FG hinge and the C-terminus (Fig. 4A,B). The sta-
bility of such a quaternary assembly is suggested by
the large buried contact area (2041 A? for each sub-
unit of the dimer, corresponding to 36.7% of the total
accessible surface area) and the estimated dissociation
free energy of 13.3 kcal-mol™' (with eight hydrogen
bonds across the interface), as calculated by pisa [49].
The most striking consequence of M2/2HbN-ApreA
dimerization is that the access to the short tunnel branch
(located between the G- and H-helices) is sterically hin-
dered, with residues at the N-terminus of the G-helix of
one subunit building a barrier between the solvent and
the short tunnel branch of the facing subunit (Fig. 4C,
D). By contrast, the long tunnel branch entrance, nes-
tled between the AB and GH hinges, remains solvent
accessible in the dimer; nevertheless, relative to the
full-length protein, the diameter of the tunnel is more

FEBS Journal 283 (2016) 305-322 © 2015 FEBS
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Fig. 2. Long branch tunnel and heme distal site in Mt2/2HbN-ApreA. Superimposition of Mt2/2HbN-ApreA(lll)-formate (green) to (A, C) Mt2/
2HbN(lIl)-cyanide (orange) and (B, D) Mt2/2HbN(II)-O, (yellow). (A, B) The position and the conformation of the Phe(62)E15 side chain,
gating the long branch tunnel, is highlighted. (C, D) Residues lining the heme distal pocket and the bound ligands are indicated and shown
in stick representation. The proximal His(81)F8 residue is also shown. Relevant secondary structure elements and amino acid residues are
labeled (using their three-letter codes, the sequence numbering and the topological site that they occupy within the globin fold). Hydrogen

bonds are indicated by dashed lines.

R Pd MW | Int | Mass

8 (nm) | (%) | (kDa) | (%) | (%)
Peak 1 2.3 13.6 23 13.7 | 99.7

7 Peak2 [ 11.6 [ 13.7] 1050 | 53 | 03

% intensity

o001 010 1.00 10.00 100.00 1.00E+03  1.00E+04

Radius (nm)

Fig. 3. DLS measurements. Calculated size distribution for the
correlation curve associated with the DLS measurements. The
inset provides a per peak breakdown of the size distribution,
including the mean size radius (R), polydispersity (Pd, SD of the
peak), estimated molecular weight (MW), intensity and mass
contributions to the signal.

FEBS Journal 283 (2016) 305-322 © 2015 FEBS

restricted at the Phe(62)E15 gating site as a result of a
closer positioning of the H- and E-helices (Fig. 2A,B).
The side chain orientation of Phe(62)E15, which would
gate the long tunnel branch, resembles one of the con-
formations observed in the crystal structures of M2/
2HbN-Fe(I1l)-cyanide (PDB code: 1RTE) and M72/
2HbN-Fe(I1)-O, (PDB code: 1IDR) (Fig. 2A,B).
Indeed, in the crystal structure of the full-length M2/
2HbN, two Phe(62)E15 conformations co-exist: one
with the Phe side chain running almost parallel to the
long tunnel branch (dihedral y; = -91°) and the second
with the side chain oriented orthogonally to the tunnel
axis (dihedral y; = —155°) [26].

MD simulations have highlighted frequent transi-
tions between the two conformations in oxygenated
M12/2HbN, which would underline the availability of
the tunnel long branch to migration of gaseous ligands
towards the heme cavity [27,28,44,46]. In this respect,
it is interesting to note that the high resolution
(1.53 A) achieved for the M12/2HbN-ApreA structure
allows unambiguous modeling of two slightly different
conformers (both with 0.50 occupancy) for the Phe(62)
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c Short tunnel D Short tunnel

branch entrance

E15 side chain, confirming the dynamical (gating) nat-
ure of this residue phenyl ring. In particular, in the
two conformations, the x; dihedral angle is unchanged
(=77° and -76°, respectively), although the ¥, angle
varies (32° and 5°, respectively), indicating that the
long tunnel branch is partly hindered by the Phe(62)
E15 aromatic moiety. The double conformation of the
Phe(62)E15 side chain is coupled with the double con-
formation of residue Ile(119)H11, which faces Phe(62)
E15 on the H-helix (Fig. 2A,B). Thus, in M2/2HbN-
ApreA, the dimerization appears to restrict the diame-
ter of the tunnel at the Phe(62)E1S5 site, either directly
by shifting the H-helix, and indirectly by selecting, via
Ile(119)H11, a Phe(62)E15 conformation that partly
hinders the tunnel section. Indeed, previous NMR
studies have revealed the presence of localized motions
in the microsecond to millisecond time scale that could
be assigned to a translational movement of the Mr2/
2HbN-ApreA G-helix or of the neighboring H-helix,
thus having implications for the dynamics of the tun-
nels, the heme distal site and ligand diffusion, as well
as for the protein kinetic properties [42].

The symmetrical M¢2/2HbN-ApreA homodimer
architecture cannot be achieved by full-length M72/
2HbN as a result of the different structure of the C-
terminal region, which would collide with the FG
region of the facing subunit (in full-length M2/2HbN)
(Fig. 5A). Although, in the crystal structure of M72/
2HbN, the pre-A region is located away from the
M12/2HbN-ApreA homodimer interface (Fig. 5A),
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Fig. 4. The Mt2/2HbN-ApreA quaternary
structure. Ribbon representation of Mt2/
2HbN-ApreA dimeric assembly. The dimer
subunits are represented in green and
magenta, in side view (A) and top view
(B). Helices at the dimeric interface are
labelled. (C, D) Electrostatic surface of
Mt2/2HbN-ApreA. Blue and red highlight
positively- and negatively-charged
surfaces, respectively. The entrance of the
short tunnel branch is indicated in (C),
where the surface of one dimeric subunit
is omitted. (D) Where the surfaces of both
subunits are shown, the entrance appears
to be completely hindered. The heme
group is always shown in red.

such a location is imposed by crystal packing, and
thus is not truly significant. Indeed, previous MD sim-
ulations and NMR studies showed that the pre-A helix
is very mobile and unstable in solution, exploring a
wide range of conformers as a result of the flexibility
of the pre-A-A hinge and a certain tendency to unfold
[29,42]. Hence, it cannot be excluded that the N-term-
inal pre-A helix plays also a direct role in hampering
the dimerization of the full-length protein. In particu-
lar, the pre-A helix may fold back towards the H-
helix, thus potentially interfering with the dimeric
association interface reported in the present study for
Mr22HbN-ApreA. A similar situation has been
reported for the nonsymbiotic plant hemoglobin 2/
2AHbL3 from Arabidopsis thaliana (At2/2AHDb3), one
of the few 2/2Hbs hosting an extended pre-A region
(PDB code: 4CON) [50]. In Af2/2AHDb3, the pre-A
region folds against the H-helix, thus shielding from
the solvent the G- and H-helices, which, in M2/
2HbN-ApreA, build up the dimerization interface
(Fig. 5B).

MD simulation

The effect of pre-A region deletion on the dynamical
behavior of the dimeric form of the deoxygenated and
oxygenated protein species was examined by means of
MD simulations. For the oxygenated M72/2HbN-
ApreA, three MD simulation replicas were run. In all
of them, the structure of each subunit within the dimer

FEBS Journal 283 (2016) 305-322 © 2015 FEBS
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Fig. 5. Mt2/2HbN-ApreA dimer and related
proteins. Superimposition of Mt2/2HbN-
ApreA dimer (green and magenta) to (A)
Mt2/2HbN (orange) and (B) At2/2AHL3
(blue) monomers. The N-terminal helical
region of Mt2/2HbN and At2/2AHbL3 is
shown in ribbon representation.

Structural characterization of Mt2/2HbN-ApreA

o

Fig. 6. RMSD of the protein backbone for
each subunit in the Mt2/2HbN-ApreA

Backbone r.m.s.d. [A] to the minimized structure

dimer. RMSD data determined from MD
simulations for monomers A and B are
shown in black and red, respectively.

is well preserved along the trajectory, with RMSD val-
ues typically < 2 A (Fig. 6).

Conformational analysis of the Phe(62)El5 gate
reveals the occurrence of transitions between open and
closed states in both subunits of the dimer, with a
slightly higher frequency in subunit A than in subunit B
(Fig. 7). Implicit ligand sampling (ILS) calculations
corroborate the opening of the long tunnel branch con-
necting the distal cavity to the solvent, as noted by the
continuous isosurface that appears along the tunnel
branch at a favorable interaction energy level of —
1 kcal-mol™' (Fig. 8A) in the three replicas. Taking
into account that the dimeric structure of M2/2HbN-
ApreA sterically impedes the access of gaseous ligands
to the short tunnel branch (Fig. 4C,D), the MD simula-
tions show that, in the deletion mutant, the long tunnel
branch is endowed with sufficient dynamics to grant
access to the distal site from the solvent region, partly
compensating for the observed occlusion of the short

FEBS Journal 283 (2016) 305-322 © 2015 FEBS

Time [ns]

tunnel branch. Interestingly, the ILS results also show a
clear connection between the short tunnels present in
each monomer, suggesting that gaseous ligands might
move from one monomer to the other using this con-
nection pathway (Fig. 8B). Upon inspection of the ILS
maps, the narrowest part of the tunnel system appears
to be located at the junction between long and short
tunnel branches, delimited by residues Val(94)GS8, Ala
(95)GY9 and Ile(119)H11. The diameter of the tunnel
bottleneck is estimated to be approximately 2.5 A, sug-
gesting that the thermal fluctuations should a priori
enable the passage of gaseous ligands. Noteworthy, Val
(94)GS8 has been shown to play a key role in the control
of ligand association in truncated Hbs [43].

To check the accessibility of a diatomic ligand to
the heme distal site through the long tunnel branch, a
150-ns MD simulation was performed for the deoxy-
genated form of the dimeric Mt2/2HbN-ApreA, start-
ing with an oxygen molecule free in the solvent. The
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Fig. 7. Open/close conformational transitions in Phe(62)E15 gate.
Representation of the conformational transitions of the Phe(62)E15
side chain for monomer A (top) and B (middle) in the three
independent simulations run for oxygenated Mt2/2HbN-ApreA
dimer (the three MD simulations are shown in black, red and
green, respectively), as well as in the single MD simulation run for
deoxygenated M1t2/2HbN-ApreA dimer (bottom; transitions in
monomer A and B are shown in black and red, respectively).
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protein fold of the two subunits was stable during the
MD simulation (data not shown). Inspection of the
ligand trajectory confirmed that the only accessible
pathway for O, migration from and to the solvent is
the long tunnel branch, whereas, once in the protein
inner region, the gaseous ligand is able to visit both
tunnels (Fig. 9A). Interestingly, the O, ligand is able
to visit the heme cavity of one M12/2HbN-ApreA
chain even when access to the dimeric protein has
occurred through the opposite monomer, thus confirm-
ing the transfer between the two monomers through
the junction linking their short tunnels. Indeed, the O,
ligand enters or escapes from (or to) the solvent sev-
eral times during the time scale of the simulations,
using either one of the two long tunnel branches in the
dimeric species (Fig. 9C). A similar oxygen-free simu-
lation was also performed using the M2/2HbN mono-
mer, where the oxygen molecule entered and escaped
several times using both long and short tunnel
branches (Fig. 9B,C).

Even though, in the deoxygenated form of dimeric
M12/2HbN-ApreA, the Phe(62)E15 gate exhibits tran-
sitions between the open and closed conformational
states (Fig. 7), it is worth noting that ligand migration
appears to be less favored in the N-terminal deletion
mutant than in the full-length protein. This is indi-
cated by the gaseous ligand distribution maps in the
protein interior, which show a much higher ligand
occupancy of the tunnel in the wild-type protein
(Fig. 9B), whereas a decreased ligand occupancy
around the Phe(62)E15 gate is found in the Mr2/
2HDbN-ApreA protein (Fig. 9A).

Overall, the MD analyses suggest that in the M2/
2HbN-ApreA dimer access of the ligand to the protein
interior occurs through the long tunnel branch,
whereas the accessibility to the heme cavity through
the short tunnel branch is hindered by dimerization,
with the short tunnel branches of two facing chains
being connected. Furthermore, ligand migration
through the long tunnel branch is less favored com-
pared to the full-length protein, a trend that would
lead to a reduction in the dioxygenase activity of M2/
2HbN-ApreA.

Kinetics of peroxynitrite isomerization by M2/
2HbN-ApreA-Fe(lll)

Kinetics of peroxynitrite isomerization was fitted to a
single-exponential decay for more than 92 + 8% of its
course according to Eqn (1) (see Materials and meth-
ods), thus indicating that no intermediate species [e.g.
M12/2HbN-ApreA-Fe(III)-OONO]  accumulate(s) in
the course of peroxynitrite isomerization, as previously
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)

Fig. 8. Accessible ligand migration pathways in Mt2/2HbN-ApreA. Inner tunnel in the protein matrix determined from ILS calculations using
0, as a molecular probe. (A) The steric hindrance exerted by the Phe(62)E15 gate is visible in the bifurcated path formed around this
residue in the representation obtained for each monomer (similar plots are obtained for the two monomers). (B) The structural arrangement
of the dimer enables the junction of the short tunnels at the interface, which should allow migration of gaseous diatomic ligands between
the two monomers. The isocontour used to display the inner tunnel corresponds to an energy value of —1 kcal-mol™".
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Fig. 9. O, migration from unbiased MD simulations. O, ligand migration along possible pathways in (A) the dimeric Mt2/2HbN-ApreA and
(B) the monomeric full-length protein. The pathways denote the position of O, along the trajectories. In the dimeric Mt2/2HbN-ApreA,
migration through the short tunnel branch leads to the facing monomer, whereas, in the monomeric protein, full-length protein would lead
to bulk solvent. (C) Time evolution of the distance from O, to the heme Fe-atom in the dimeric Mt2/2HbN-ApreA and monomeric full-length
protein.

reported for full-length M¢2/2HbN-Fe(III) [51]. In par- ing step in catalysis, being slower by at least one order

ticular, the formation of the transient AMr2/2HbN- of magnitude than its conversion to Mr2/2HbN-
ApreA-Fe(I11)-OONO species represents the rate-limit- ApreA-Fe(I11) and NO5; /NO, ™.
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The observed rate constant for M2/2HbN-ApreA-
Fe(Ill)-catalyzed isomerization of peroxynitrite (i.e. k)
increases linearly with the M12/2HbN-ApreA-Fe(I11)
concentration (Fig. 10). Values of the second-order
rate constant for M:2/2HbN-ApreA-Fe(Il)-catalyzed
isomerization of peroxynitrite (i.e. ko) and of the first-
order rate constant for peroxynitrite isomerization in
the absence of M2/2HbN-ApreA-Fe(Ill) (i.e. ky) are
(1.4 +0.2) x 10* M "s7" (corresponding to the slope
of the linear plot) and 0.29 + 0.03 s™' (corresponding
to the y-intercept of the linear plot), respectively. Both
values are in good agreement with those reported in
the literature for ferric heme proteins [51-62].

Values of k., for peroxynitrite isomerization by fer-
ric heme proteins ranges between 0.9 x 10* m~'.s™!
and 5.8 x 10° m~":s™! (Table 2), reflecting the coordi-
nation of the heme-Fe(IIl) atom, the peroxynitrite
accessibility to the heme-Fe(Ill) catalytic center
and the Lewis acidity of the heme-Fe(IIl) atom. The
kon value for peroxynitrite Mt2/2HbN-ApreA-Fe(I11)
(1.4 x 10* m's7") is four-fold lower than that
reported for full-length M12/2HbN-Fe(III)
(6.2 x 10* m~".s71) [51] (Table 2), even though the
distal site environment of the heme Fe(IIl) atom is
structurally conserved in M2/2HbN-ApreA and Mr2/
2HbN (Fig. 2). Thus, the measured lower reactivity
for M2/2HbN-ApreA-Fe(III) could be ascribed to
reduced peroxynitrite accessibility to the heme-Fe(III)

0.00 bt
00 25 5.0 75 100
[Fe(I11)]x10® (M)

Fig. 10. Peroxynitrite isomerization by Mit2/2HbN-ApreA-Fe(lll).
Dependence of the pseudo-first-order rate constant for
peroxynitrite isomerization (i.e. k) on the M1t2/2HbN-ApreA-Fe(lll)
(red circles) and Mt2/2HbN-Fe(lll) (blue squares) concentration, at
pH 7.0 and 20.0 °C. The black symbol on the ordinate indicates the
average value of ky obtained in the absence of Mt2/2HbN-ApreA-
Fe(lll) and Mt2/2HbN-Fe(lll). The continuous lines were calculated
according to Egn (2) (see Materials and methods) with the
parameters: Mit2/2HoN-ApreA-Fe(lll) — kon = 1.4 x 10* M~ "s™" and
ko =0.29 s7"; and Mt2/2HbN-Fe(lll) — ko, = 6.2 x 10* v~ "-s7" and
ko = 0.28 s~'. The peroxynitrite concentration was 5.0 x 107° m.
Data for Mt2/2HbN-Fe(lll)-catalyzed isomerization of peroxynitrite
were obtained from Ascenzi et al. [51]. Where not shown, the SD
is smaller than the symbol.
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catalytic center resulting from sterical hindering of the
short tunnel described by the crystal structure (Fig. 4).
Moreover, a lower ligand migration capability through
the long tunnel branch in the ferric dimer could also
be a contributing factor, as suggested by the MD sim-
ulations of deoxygenated Mt2/2HbN-ApreA.

Kinetics of NO scavenging by Mt2/2HbN-ApreA-
Fe(ll)-O,

Kinetics of NO scavenging was fitted to a single-
exponential decay for more than 86 £+ 12% of its
course according to Eqn (3). This suggests that no
intermediate species accumulate(s) in the course of NO

Table 2. Peroxynitrite scavenging by ferric heme proteins.

Heme protein Kon (M™"-577)
Methanosarcina acetivorans protoglobin 3.8 x 10*
Cys101(E20)Ser mutant®

M. tuberculosis 2/2 -HbNP 6.2 x 10*
M. tuberculosis 2/2HbN-ApreA° 1.4 x 10*
Pseudoalteromonas haloplanktis 2.9 x 10*
TAC125 2/2-HbO®

Horse heart Mb® 2.9 x 10*
Sperm whale Mb' 1.6 x 10*
Sperm whale Mb His64(E7)Ala mutant’ 5.8 x 10°
Sperm whale Mb His64(E7)Asp mutant' 4.8 x 108
Sperm whale Mb His64(E7)Leu mutant' 5.7 x 10
Sperm whale Mb Phe43(CD1)Trp/ 5.2 x 10*
His64(E7)Leu mutant’

Sperm whale Mb His64(E7)Tyr/ 9.0 x 10°
His97(F8)Gly mutant’

Human Hb? 1.2 x 10*
Human serum heme-albumin” 4.1 x 10°
Ibuprofen-bound human serum 3.5 x 10*
heme-albumin'

Truncated human serum heme-albumin/ 4.3 x 10°
Ibuprofen-bound truncated human 5.8 x 10*
serum heme-albumin®

Cardiolipin-bound horse heart 3.2 x 10°
cytochrome ¢

Carboxymethylated-horse heart 6.8 x 10*
cytochrome ¢™

Cardiolipin-bound 5.3 x 10°

carboxymethylated-horse heart

cytochrome ¢™

Fusarium oxysporum cytochrome ~5 x 10°
P450 NO reductase”

@ pH 7.4 and 20.0 °C [62]. ® pH 7.0 and 20.0 °C [51]. ¢ pH 7.0 and
20.0 °C. Present study. ¢ pH 7.0 and 20.0 °C [61]. © pH 7.0 and
20.0 °C [53]. " pH 7.5 and 20.0 °C [54]. ¢ pH 7.5 and 20.0 °C [53].
P pH 7.2 and 22.0 °C [57]. ' pH 7.2 and 22.0 °C. Ibuprofen was
1.0 x 1072 m [57]. ' pH 7.0 and 20.0 °C [60]. © pH 7.0 and 20.0 °C.
Ibuprofen was 1.0 x 1072 m [60]. ' pH 7.0 and 20.0 °C. Cardiolipin
was 1.6 x 10 m [58]. ™ pH 7.0 and 20.0 °C. Cardiolipin was
1.6 x 10 m [59]. " pH 8.0 and 12.0 °C [56].
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scavenging. In particular, the formation of the initial
M12/2HbN-ApreA-Fe(I1)-OONO species represents the
rate limiting step in catalysis, with the conversion of
M12/2HbN-ApreA-Fe(I1)-OONO  to  M12/2HbN-
ApreA-Fe(I1T) and NO; /NO, ™ being faster by at least
one order of magnitude than the M2/2HbN-ApreA-
Fe(I)-OONO complex formation.

The observed rate constant for NO scavenging by
M12/2HbN-ApreA-Fe(I1)-O, (i.e. /) increases linearly
with the M12/2HbN-ApreA-Fe(I1)-O, concentration
(Fig. 11) according to Eqn (4). The value of the
second-order rate constant for NO scavenging
by M12/2HbN-ApreA-Fe(I11)-O, [hy, = (2.1 + 0.4) x
10" m's7!, corresponding to the slope of the linear
plot; pH 7.0 and 20.0 °C] is lower by approximately
35-fold than that determined for full-length M2/
2HbN-Fe(I1)-O5 (hon = 7.5 x 10® m~'s7!; pH 7.5 and
23.0 °C) [11] (Table 3).

Values of h,, for NO scavenging by ferrous heme
proteins range usually between 6.0 x 10° M~ 's™! and
>6 x 108 M 's7! (Table 3) [11,63-67; present study].
The very high reactivity of M2/2HbN-Fe(Il)-O,
(7.5 x 108 M_I-S_l) and Escherichia coli flavoHb-Fe
(IT)-O, has been postulated to reflect the presence of a
Tyr(B10) residue in the heme distal site, together with
the high accessibility of NO to the heme-Fe(II)-O, cen-
ter. Based on Resonance Raman studies, it was sug-
gested that the active site structure of Mt2/2HbN and
E. coli flavoHb is tailored to promote O,/NO chem-
istry instead of O, delivery, thus explaining their high
activity with respect to Mb [30,68]. In particular, in

1500 i
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Fig. 11. Kinetics of NO scavenging by Mt2/2HbN-ApreA-Fe(l1)-O5.
Dependence of the pseudo-first-order rate constant for NO
scavenging (i.e. h) on the Mt2/2HbN-ApreA-Fe(ll)-O, (red circles;
pH 7.0 and 20.0 °C) and Mt2/2HbN-Fe(ll)-O, (blue squares; pH 7.5
and 23.0 °C) concentration. The continuous lines were calculated
according to Eqgn (4) (see Materials and methods) with the
parameters:  Mit2/2HbN-ApreA-Fe(l)-0, — hon = 2.1 x 107 m~'.s7";
and  Mt2/2HbN-Fe(ll)-Oy — hon =75 x 108 v s, The NO
concentration was 1.0 x 107 m. Data for NO scavenging by M2/
2HbN-Fe(ll)-O, were obtained from Quellet et al. [11]. Where not
shown, the SD is smaller than the symbol.
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both of these bacterial Hbs, Tyr(B10) interacts with
the bound O, and may provide a strong electronic pull
for activation of the O-O bond, as in peroxidases
[30,68]. In line with these observations, it was demon-
strated that Tyr(B10) is essential for NO consumption
in 2/2HbN [11,45]. Mutation of Tyr(B10) for Phe in
E. coli flavoHb reduces the NO-dioxygenase activity
by a factor of approximately 30-fold and increases the
O, dissociation rate constant by 80-fold, highlighting
the modulating role of the Tyr(B10) phenoxy group in
O, binding and NO scavenging [63]. However, other
globins displaying the Tyr residue at position BI10,
such as M. tuberculosis 2/2HbO and Mycobac-
terium leprae 2/2HbO, show a much lower reactivity;
this behavior was associated with a disfavored accessi-
bility of NO to the heme-Fe(I)-O, center [65,67].
Thus, the presence of Tyr(B10) and the efficient diffu-
sion path of ligands to the active site cooperate to
accelerate the NO detoxification reaction.

In the absence of the structure of oxygenated fer-
rous M2/2HbN-ApreA, it is hard to conceive why
the pre-A excision results in a 35-fold decrease of the
second-order rate constant /,,. Nevertheless, we may
consider that the heme-binding state does not induce
significant conformational changes in the distal resi-
dues of full-length M72/2HbN-Fe(I)-O, and M1¢2/
2HbN-Fe(Ill)-cyanide structures (Fig. 2C,D). Further-
more, in the ferric form, the distal sites of M2/
2HbN-ApreA and M2/2HbN match perfectly
(Fig. 2C). Therefore, such a good structural match
may also be conserved in the oxygenated ferrous
forms of full-length and M#2/2HbN-ApreA. Thus, the
35-fold decrease of the second-order rate constant A,
probably results not from specific structural variations
at the distal site but, instead, from the hindering of
the ligand diffusion path linked to M12/2HbN-ApreA
dimerization.

Table 3. NO scavenging by ferrous heme proteins.

Heme protein hon (M~ 1577
M. tuberculosis 2/2-HbN? 7.5 x 108
M. tuberculosis 2/2HoN-ApreAP 2.1 x 107
M. tuberculosis 2/2-HbO® 6.0 x 10°
M. leprae 2/2-HbQ¢ 2.1 x 108
E. coli flavoHb® >6 x 10°
Horse heart Mb' 4.4 x 107
Murine neuroglobin® >7 x 107
Human Hb" 8.9 x 107

3 pH 7.5 and 23.0 °C [11]. ® pH 7.0 and 20.0 °C. Present study.
¢ pH 7.5 and 23.0 °C [65]. “ pH 7.3 and 20.0 °C [67]. © pH 7.0 and
20.0 °C [63]. T pH 7.0 and 20.0 °C [64]. ¢ pH 7.0 and 20.0 °C [66].
P pH 7.0 and 20.0 °C [64].
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Discussion

M. tuberculosis exhibits resistance mechanisms that help
the bacterium to evade the toxic effects of NO and
nitrosative stress. One of the unique defense mecha-
nisms by which it can protect itself from reactive nitro-
gen species relies on the oxygenated form of group I
M12/2HbN, a monomeric protein displaying potent O,-
dependent NOD activity [10,11,23,24]. X-ray crystallo-
graphic and computational studies have highlighted the
relationship between the protein structure and the
NOD activity of key residues in M¢2/2HbN. In particu-
lar, the NO detoxification activity of M¢2/2HbN largely
depends on the efficiency of ligand migration to the
heme cavity, a process that has been proposed to follow
a distinct dual path for the diffusion of O, and NO to
the heme through a two-branched protein matrix tunnel
system [26,34]. MD simulations on the full-length pro-
tein indicated that O, diffusion towards the distal site
would occur through long and short branches of the
tunnel system. O,-binding to the heme-Fe would trigger
a ligand-induced conformational change(s) regulating/
facilitating the opening of the long tunnel branch via
Phe(62)E15, which would act as a gate for NO entry
[27,45]. According to a different MD simulation
approach, the short tunnel branch would also act as a
diffusion path for NO entrance [41].

Recently, the NOD activity of M¢2/2HbN has been
correlated with the presence of a short pre-A region at
its N-terminus, which is not conserved in most 2/
2HbNs [7,29]. Strikingly, the deletion of the pre-A
region in Mt2/2HbN drastically reduces its ability to
scavenge NO (present study), whereas the insertion of
the pre-A region at the N-terminus of M. smegmatis 2/
2HDbN (lacking the pre-A region) improved the protein
NOD activity [29]. Extended MD simulations carried
out on the oxygenated monomeric Mr2/2HbN showed
that the excision of the pre-A region results in distinct
changes in the protein dynamics (particularly of the B-
and E-helices) relative to full-length M#2/2HbN. Such
changes result in the Phe(62)E15 gate of the long tun-
nel branch being trapped in a conformation that sub-
stantially impedes migration of NO toward the heme
distal site, thus hampering the efficient NO-detoxifica-
tion ability of the protein [29].

The crystal structure of M¢2/2HbN-ApreA unexpect-
edly reveals that removal of the pre-A region results in
long range effects on the C-terminal backbone confor-
mation, promoting the assembly of a stable dimer,
where access of heme ligands through the short tunnel
branch (whose entry site falls at the dimerization inter-
face) is hindered. Indeed, MD simulations on the
deoxygenated Mt2/2HbN-ApreA dimer show that the
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long tunnel branch is the only accessible pathway for
O,-ligand migration to the heme, both from and to the
solvent. The M2/2HbN-ApreA dimeric crystal struc-
ture also shows that the phenyl ring of the gating resi-
due Phe(62)E15 partly restricts the diameter of the
tunnel. This is in agreement with the results obtained
from MD simulations, which reveal that the open/
closed transitions of the gating residues occur in both
subunits of the dimer (both oxygenated and deoxy-
genated). However, diffusion of the ligand through the
long tunnel branch pathway is less efficient in M2/
2HbN-ApreA relative to the full-length protein, possi-
bly as a result of a slight restriction of the tunnel at
the Phe(62)EIS5 site, resulting from the closer position-
ing of the E- and H-helices in the dimer. Indeed, the
kon value for peroxynitrite isomerization by M2/
2HbN-ApreA-Fe(IIl) is only four-fold lower than that
reported for the full-length protein, and the kinetics of
NO scavenging by M2/2HbN-ApreA-Fe(I)-O, is
reduced by 35-fold relative to that catalyzed by full-
length Mt2/2HbN.

Overall, our data suggest that deletion of the pre-A
region significantly reduces the ability of M#2/2HbN
to scavenge NO, first by interfering with the ligand dif-
fusion mechanism that supplies O, and NO to the
heme-distal site in the full-length protein. In AM72/
2HbN-ApreA, the long tunnel branch is the main/only
diffusion path available for gaseous diatomic ligands,
rendering the NOD activity significantly less efficient,
as also a result of the diffusion of ligands within the
protein partly being restricted at the Phe(62)E15 resi-
due. Furthermore, MD simulations suggest that the
M12/2HbN-ApreA monomer exhibits a drastic change
in the dynamical behavior of the protein backbone,
which reduces the relative motion of B and E helices,
hampering the conformational transitions between the
open and closed states of the gating Phe(62)E15 resi-
due [29].

On the basis of the results reported in the present
study, it might be speculated that M2/2HbN evolved
to host the pre-A region as a mechanism reinforcing
the survival of the microorganism against the reactive
nitrosative stress in macrophages. In this respect, it is
worth noting that recent studies have highlighted the
presence of M¢2/2HbN among the lipophilic proteins
associated with the cell membrane and the cell wall
[69,70]. Notably, NMR data and MD simulations have
indicated that membrane association occurs via the
pre-A region and the G- and H-helices [71]. Modeling
indicates that, in the M¢2/2HbN membrane-bound
form, the short tunnel branch would be oriented
toward the membrane interior, thus favoring the
uptake of nonpolar substrates from the membrane. In
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this context, the presence of the pre-A region could be
viewed as an evolutionary adaptation preventing M2/
2HbN dimerization in the cell, as well as facilitating
the association with the membrane and the uptake of
gaseous ligands (most likely NO) through the short
tunnel branch, thus contributing to the achievement of
efficient NO-dioxygenase activity.

Materials and methods

Crystallization, structure determination and
refinement

M12/2HbN-ApreA, lacking the pre-A region (residues 1-11),
was expressed and purified as described previously [42]. Crys-
tals of ferric Mt2/2HbN-ApreA were grown at 4 °C by vapor
diffusion methods under the growth conditions: 2.0 m Na-
formate and 0.1 M Na-acetate, pH 4.6 (Crystal Screen I, con-
dition 34; Hampton Research, Aliso Viejo, CA, USA). Crys-
tals were cryoprotected in their mother liquor (3.0 M Na-
formate, 0.1 M Na-acetate, pH 4.6) supplemented with 15%
(v/v) glycerol and flash-frozen in liquid nitrogen. A single
crystal, belonging to the hexagonal P6,22 space group (one
protein molecule in the asymmetric unit) diffracted at a reso-
lution of 1.53 A, using synchrotron radiation (beamline
ID23-1; ESRF, Grenoble, France). Raw data were processed
with MosFLM [72] and scALa [73].

The structure was solved by molecular replacement meth-
ods with PHASER [74], using the M¢2/2HDbN structure (PDB
code: 1IDR) as the search model, from which the first 11 N-
terminal residues had been deleted. Model building/inspec-
tion and restrained refinement were performed with coor [75]
and REFMAC [76], respectively. Data collection and refinement
statistics are reported in Table 1. MoLPROBITY [77] and SURF-
NET [78] were used to assess stereochemical quality, and to
explore protein matrix cavities. pisa (http://www.ebi.ac.uk
msd-srv/prot_int/cgi-bin/piserver) [49] was used to identify
protein quaternary assembly.

DLS

The M12/2HbN-ApreA protein solution (1.0 mg-mL~! in
50 mm Tris—=HCl buffer, pH 7.5) was centrifuged at
13 000 g for 10 min prior to DLS analysis. DLS data were
acquired at 10 °C, 20 scans, 30 s for each scan, using a
Protein Solutions DynaPro 99 instrument with a Dyna-
ProMSTC200 microsampler (Protein Solutions, Char-
lotville, VA, USA). Data analysis was performed using
DYNAMICS, version 6 (Protein Solutions).

MD simulations

MD simulations were performed to examine the intrinsic
dynamics of the protein. Calculations were performed with
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the PMEMD.cuda module of the amMBERI2 suite [79]. The
parm99SB force field [80] was used for the protein, and the
heme parameters were taken from previous studies [81,82].
The protein was immersed in a pre-equilibrated octahedral
box of TIP3P water molecules [83] and counter-ions were
added to maintain the neutrality of the simulated system,
which contained the protein (dimer), 16 Na* cations and
approximately 10 000 water molecules. Thermalization and
equilibration were accomplished by a multistep protocol,
involving an optimization of the initial structures, and then
slow heating to the target temperature (298 K) in a 2 ns MD
at constant volume, followed by 2 ns MD at constant pres-
sure (1 bar). Next, productive simulations were performed in
the NPT ensemble using periodic boundary conditions, the
SHAKE algorithm [84] to constrain the bonds connecting
hydrogen and heavy atoms, and a 1 fs time step for the inte-
gration of Newton’s equations. Furthermore, a Langevin
collision frequency of 2 ps~' [85], particle mesh Ewald for
electrostatic interactions [86] and a cut-off of 10 A for non-
covalent interactions were also used. Frames were collected
at 10 ps intervals for subsequent analysis of the trajectories.

Analysis of the ligand migration pathways

ILS calculations were used to examine the O, migration
inside the protein matrix [87]. ILS has been widely used
to examine the migration of gaseous ligands in proteins,
and the results have shown that this method is well suited
for disclosing the topological features of tunnels [88-90].
Furthermore, the energetics profile for the ligand migra-
tion is also provided by ILS, as long as this method relies
on a Boltzmann-weighted average of the interaction
energy between the ligand and an ensemble of protein
snapshots. Calculations were performed using an O, mole-
cule as probe ligand and a set of 5000 frames taken from
the last 90 ns of simulation time, which were aligned and
enclosed in a rectangular grid (resolution of 0.5 A). The
values for grid size, resolution and frame numbers where
tested thoroughly in a previous study [87]. Analysis of the
ILS data was performed using inhouse software (available
upon request).

Kinetics of peroxynitrite isomerization by
Mt2/2HbN-ApreA-Fe(lll)

Peroxynitrite was obtained from Caiman Chemical Com-
pany (Ann Arbor, MI, USA) and stored in small aliquots
at —80.0 °C. The concentration of peroxynitrite was deter-
mined spectrophotometrically by measuring A43p,. The per-
oxynitrite stock solution (2.0 x 1073 M) was diluted
immediately before use with degassed 1.0 x 1072 M NaOH
to reach the desired concentration [51].

Kinetics of peroxynitrite isomerization in the presence of
M12/2HbN-ApreA-Fe(Ill) was recorded at 302 nm by
rapidly mixing the M¢2/2HbN-ApreA-Fe(III) solution (final
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concentration 2.0 x 107 M to 1.0 x 107° M; 1.0 x 107 m
phosphate buffer, pH 7.0; 20.0 °C) with the peroxyni-
trite solution (final concentration 5.0 x 107> M) [52-54, 57]
and analyzed in the framework of the minimum reac-
tion mechanism depicted by Scheme 1 [51]:

HOONO/OONO™—X 5 NOT

Fe(II)+HOONO/OONO~ —K2_, Fe(111)-00NO — /%L, Fe(11m)+NO;

Scheme 1. Peroxynitrite isomerization mechanism

Values of the pseudo first-order rate constant for
peroxynitrite isomerisation in the presence of Mr2/2HbN-
ApreA-Fe(IlI) (i.e. k) were determined from the analysis of the
time-dependent decrease in A3, according to Eqn (1) [51]:

[HOONO/OONO ™|, = [HOONO/OONO |, x e *** (1)

Values of the second-order rate constant for Mr2/2HbN-
ApreA-Fe(Ill)-mediated peroxynitrite isomerization (i.e.
kon) and of the first-order rate constant for peroxynitrite
isomerization in the absence of Mr2/2HbN-ApreA-Fe(I1l)
(i.e. ko) were determined according to Eqn (2) [51]:

k = kon x [M12/2HbN-ApreA-Fe(IIT)] + k, ()

Kinetics of NO scavenging by Mt2/2HbN-ApreA-
Fe(ll)-0,

For preparation of Mr2/2HbN-ApreA-Fe(I11)-O,, a few
grains of sodium dithionite were added to the M72/2HbN-
ApreA-Fe(IIl) solution. Then, the unreacted dithionite and
the reaction products were separated from the Mr2/2HbN-
ApreA-Fe(Il) sample by passing the Mt2/2HbN-ApreA-Fe
(IT) solution through a Sephadex G10 column (GE Health-
care, Little Chalfont, UK) under aerobic conditions. This
procedure led to Mt2/2HbN-ApreA-Fe(Il) oxygenation [91].
NO (Sigma-Aldrich, Milwaukee, WI, USA) was purified by
flowing it through a NaOH column to remove acidic nitro-
gen oxides. The NO solution was prepared by keeping the
1.0 x 10~" M phosphate buffer solution (pH 7.0) in a closed
vessel under NO at 760 mmHg anaerobically (20.0 °C) [11].

Kinetics of NO scavenging by M12/2HbN-ApreA-Fe(II)-
O, was recorded at 416 nm by rapidly mixing the M2/
2HbN-ApreA-Fe(I1)-O, solution (final concentration
50 x 10%M to 1.5 x 107°M; 1.0 x 107! M phosphate
buffer, pH 7.0; 20.0 °C) with the NO solution (final con-
centration of approximately 1 x 107 m) [11] and analyzed
in the framework of the minimum reaction mechanism
depicted by Scheme 2:

Fe(II)-0,+ NO—42_s Fe(I1I) + NO.”

Scheme 2. NO scavenging mechanism
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Values of the pseudo first-order rate constant for NO
scavenging by M12/2HbN-ApreA-Fe(I11)-O, (i.e. h) were
determined according to Eqn (3) [11]:

[Fe(1l) — O,], = [Fe(ID-O,]; x e~ (3)

The value of the second-order rate constant for NO
scavenging by M12/2HbN-ApreA-Fe(I11)-O, (i.e. ho,) was
determined according to Eqn (4) [11]:

h = hon X [M12/2HbN-ApreA-Fe(I1)-0,] (4)
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