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Abstract: Truncated hemoglobin-N is believed to constitute a defense mechanism of Mycobacterium
tuberculosis against NO produced by macrophages, which is converted to the harmless nitrate anion. This
process is catalyzed very efficiently, as the enzyme activity is limited by ligand diffusion. By using extended
molecular dynamics simulations we explore the mechanism that regulates ligand diffusion and, particularly,
the role played by residues that assist binding of O, to the heme group. Our data strongly support the
hypothesis that the access of NO to the heme cavity is dynamically regulated by the TyrB10—GInE11 pair,
which acts as a molecular switch that controls opening of the ligand diffusion tunnel. Binding of O, to the
heme group triggers local conformational changes in the TyrB10—GInE11 pair, which favor opening of the
PheE15 gate residue through global changes in the essential motions of the protein skeleton. The complex
pattern of conformational changes triggered upon O, binding is drastically altered in the GInE11—Ala and
TyrB10—Phe mutants, which justifies the poor enzymatic activity observed experimentally for the
TyrB10—Phe form. The results support a molecular mechanism evolved to ensure access of NO to the
heme cavity in the oxygenated form of the protein, which should warrant survival of the microorganism
under stress conditions.

Introduction 2-on-2 helical sandwich, which is a subset of the 3-on-3
sandwich of the classical globin fofcDespite their small size,
several truncated hemoglobins host an apolar tunnel that
connects the heme pocket with the protein surfaééln trHbN
from M. tuberculosisthe tunnel system is built by two
perpendicular branches of about 8 and 20 A length, which differ
from the cavities observed in sperm whale myoglobin. More-
over, it has been hypothesized to control diatomic ligand
migration to the heme, which would be the rate-limiting step
in NO conversion to nitraté?

The role played by the ligand migration tunnel in trHbN has
been explored by means of extended molecular dynamics (MD)
simulations of both deoxygenated and oxygenated forms of
trHbN, which have unraveled a dual-path ligand-induced
regulation mechanism underlying diffusion of both &d NO

Globins are found in all kingdoms of living organisms.
Besides their function in assisting ®ansport and storage, novel
functions have been identified in the last years, such as control
of nitric oxide (NO) levels in microorganisms. Mycobacte-
rium tuberculosiswhich infects about one-third of the human
population and causes more than a million deaths perlyear,
the NO resistance is based on the NO-dioxygenase activity of
the oxygenated form of truncated hemoglobin-N (trHbN), which
converts NO into nitrate aniotT; thus contributing to induction
and maintenance of bacilli latenéy.

Truncated hemoglobins make up a distinct group within the
hemoglobin superfamily.Their tertiary structure consists of a
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is mediated by three main structural features. First, the tunnel
system would have evolved to allow access of &ahd NO
ligands to the heme through distinct migration paths. Second,
O, binding to the heme would facilitate access of NO by
promoting opening of the tunnel long branch, where ligand
diffusion is controlled by PheE15, which acts as a gate. Third,
opening of PheE15 would be mediated by a subtle conforma-
tional change in the hydrogen-bonded network formed by
TyrB10 and GInE11, which act as a molecular switch.

Since residues TyrB10 and GInE11 are crucial to facilitate
opening of the tunnel gate upon,®inding to the heme,
disruption of the molecular switch should lead to a substantial
decrease in the biological activity. In this study we examine
the structural and dynamical properties of the TyrBRhe and
GInE11—~Ala mutants in order to investigate the reliability of
the dual-path ligand-induced regulation mechanism mentioned
above. In particular, the results provide a molecular basis to
explain the dramatic decrease in NO consumption observed
experimentally for the TyrB16-Phe mutant and predict a similar
behavior for the GInEX*Ala mutant.

Methods

MD simulations were performed from the crystal structure of the
oxygenated form of the wild type (wt) trHbN (PDB entry 1IDR;
monomer A at 1.9 A resolutiof)which was used to generate the
starting structures of the TyrB18Phe and GInE1+Ala mutants. This
procedure is supported by the close similarity observed between the
structure of the wt protein and the recently reported X-ray crystal-
lographic structures of the cyanide complexes TyrBEhe and
GInE11—~Ala mutants (PDB entries 2GKM and 2GLN)As noted in
ref 14, which also reports the X-ray structures of the GInEVAl
(2GKN) and TyrB16-Phe/GInE1%>Val (2GL3) mutants, the rmsd of
the A chain in the different mutants and in the wt protein ranges from
0.23 to 0.41 A, thus confirming that the mutations have little impact
on the protein fold. Every mutated enzyme was immersed in a pre-
equilibrated octahedral box of TIPSRvater molecules. The standard
protonation state at physiological pH was assigned to the ionizable

(CMIP)?* energy isocontour profiles using a rigid NO probe character-
ized by RESP atomic charges and van der Waals parameters defined
for equivalent atoms in the Amber force field (see Supporting
Information). To this end, the protein was placed in a grid (spacing of
0.35 A) centered at the active site (heme group) and large enough to
cover the whole channel.

The dynamical behavior of the proteins was investigated by
determining the essential dynamics through principal component
analysis?? conducted considering the backbong &oms. Indeed,
residues 15, which form the short N-terminal isolated helix, were
excluded from the analysis since the high flexibility of this region might
mask the essential movements in the trHbN fold. The similarity between
essential motions for the wt protein and the mutants was quantified
using the similarity index defined in eq 1, which takes into account
not only the nature of the essential movements but also their contribution
to the structural variance of the proté.
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wherej; is the eigenvalue associated with a given eigenveatdrose
unitary vector i, and the sum is extended to a given gebf relevant
eigenvectors.

Results and Discussion

To the best of our knowledge, there is no experimental

residues. The final system contains the mutated protein, around 8eoo€vidence for the viability of the GInEttAla mutant to

water molecules, and the added counterions, leading to a total of
~28 300 atoms. Simulations were performed in the NPT ensetfible.
The system was simulated employing periodic boundary conditions and
Ewald sums (grid spacing of 1 A) for treating long-range electrostatic
interactions?” All simulations were performed with the parmm99 force
field*® using Amber8? For the oxygenated heme group RESP chafges
and HF/6-31G(d) wave functions were used according to the Amber
standard protocol. The initial system was minimized and equilibrated
using the multistep protocol reported for the wt prot&iThen, 100

ns MD simulation was run for the two mutants. As a reference control,
a 50 ns MD simulation was performed for the oxygenated form of the
wt trHbN using the same protocol.

The role of PheE15 as gate residue in the tunnel long branch was
examined by computing classical molecular interaction potential
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accomplish the @NO chemistry. However, Guertin and co-
workers have shown that the TyrB2®he mutation leads to a
drastic reduction in the NO-consuming activity compared to wt
trHbN, since the NO consumption rate was similar to that
measured in buffer solutichwhich demonstrates that TyrB10
is essential for NO detoxification by trHbN. The decrease in
the biological activity cannot be attributed to the inability of
the TyrB10—~Phe mutant to bind © In fact, resonance Raman
spectra confirm that it bindsQas noted in the FeO, stretching
mode detected at 570 ch?* Compared to the wt protein,
however, the frequency of the +&, stretching mode is shifted
by around 10 cm! due to the loss of the hydrogen bond formed
between the bound £and the hydroxyl group of TyrB10 in
trHbN.

On the basis of the preceding experimental evidence, one
might be tempted to attribute the reduced activity of the
TyrB10—Phe mutant to a loss in the catalytic efficiency of the

(21) Gelpy J. L.; Kalko, S.; de la Cruz, X.; Barril, X.; Cirera, J.; Luque, F. J.;
Orozco, M.Proteins2001, 45, 428.
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Chem.200Q 275, 1679.

J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007 6783



Bidon-Chanal et al.

\ | i e
i W Nw MW«

1)
; M A

100

Time [ns]
Figure 1. Positional root-mean-square deviation (A) of the backbone atoms
in the N-terminal (residues-115; gray) and core (residues-1627; black)
regions of the oxygenated forms of the TyrB3Bhe (top) and GInE12Ala
(bottom) mutants determined relative to the X-ray structure of the wt protein
(PDB entry 1IDR).
protein in the conversion of NO to nitrate anion. However, our
previous studies of the chemical reaction in the wt protein and
in the TyrB16—Phe mutant suggest that the replacement of Tyr
by Phe does not exert a significant influence on the energetics
of the reactiort! Then, it is unclear why the TyrBt8Phe
mutant, which can bind £and can accomplish the NO chemical
conversion to nitrate anion, has an extremely low efficiency. It
can be speculated that the low NO consumption of the
TyrB10—Phe mutant stems from the disruption of the molecular
mechanism that assists ligand diffusion to theb@und heme,
which presumably involves the TyrBi@InE11 pair. Analo-
gously, it can be hypothesized that mutation of GInE11 to Ala
should also disrupt such a ligand migration mechanism.

MD Simulations of the oxy TyrB10—Phe and GInE11~Ala
Mutants. To explore the reliability of the preceding hypothesis,
100 ns MD simulations of the oxygenated form of the
TyrB10—Phe and GInEX*Ala mutants were performed. In
the two cases stable trajectories, without large structural fluctu-
ations, were obtained (rmsd for core residues<(187) around
1.5 A). The only noticeable displacements were found in the
pre-helix A in the N-terminal region (rmsd for residues 5
in the range 2-3.5 A; see Figure 1). Note that the same behavior
was obtained in previous simulations of wt trHN.11

Our previous studié$'2pointed out that PheE15 acts as the
gate of the tunnel long branch in the wt trHia@y, thus
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Figure 2. Hydrogen-bonded interactions between TyrB10 and GInE11 in
trHbN and trHbNO, forms. (Top) In the deoxygenated form the side chain
of GInE11 adopts aall-trans conformation (average torsions aroung-C

Cs, Cs—C,, and C,—C; dihedrals of 40.2 167.T, and 93.7), and the
relative orientation of the amide group of GINE11 and the hydroxyl group
of TyrB10 fluctuates along the trajectory, so that the GINnE11 amide acts as
either donor (NH) or acceptor (E=0) in the hydrogen bond formed with
TyrB10. (Bottom) In trHbNO, the heme-bound £s hydrogen-bonded to

the TyrB10 OH group, which forces the GInE11l amide to act only as
hydrogen-bond donor. To this end, the side chain of GInE11 populates two
staggeredconformations (average torsional angles aroune-Cs, Cs—

C,, and G—C; bonds of 45.0, —74.8, —99.3 and—50.2, 67.2, 48.5,
respectively). The conformational change of PheE15 leading to opening/
closing of the tunnel long branch is illustrated by comparison of the
structures (top: closed state; bottom: open state).

supporting the original proposal about the gating role of this
residue made by Milani et a%.In fact, PheE15 populates two
main conformations characterized by average-Cg torsional
angles of about-40° and —50° (see Figure 2; those dihedral
angles, which are defined relative to the,HC,—Cs—C,
torsion, would be around-80° and 170 when the N-C,—
Cs—C, torsion is used). In the former, the phenyl ring protrudes
into the tunnel branch, thus preventing access of incoming
ligands to the heme distal cavitgl¢sedstate), but in the latter
the benzene ring is roughly parallel to the axis of the tunnel,
which enables the transit of diatomic ligandgpénstate). In
fact, these conformational states are reflected in two distinct
conformations observed for PheE15 in the X-ray crystallographic
structure of the wt protein (unit A in the PDB entry 1IDR, where
the N—C,—Cs—C, torsional angle adopts values closet61°
and —155°, respectively, for the closed and open states).

The analysis of the 50 ns MD simulation of the wt tr-HN
supported the ability of PheE15 to populate the two conforma-
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Figure 3. Time-dependence conformation of the torsional angle (deg)

around the @-Cs bond of PheE15 along trajectories sampled for the

oxygenated form of (top) the wt trHbN and (bottom) their TyrBiPhe e
(black) and GInE1t-Ala (gray) mutants. The torsional angle,HCy— \
Cs—C, is used to follow the conformational fluctuations of PheE15. Note
the different length of the MD simulations for the wt protein (50 ns) and i

the mutants (100 ns).

'._‘ -
tional states. As noted in Figure 3, the trajectory reveals the .
occurrence of several transitions betwepenandclosedstates, l \ ]
the population of th@penstate being close to 53% (Figure 3).
In fact, the analysis allowed us to identify the migration of a
water molecule through the tunnel long branch, which transiently
remained in the distal side of the heme pocket before being
released to the bulk solvent. In contrast, the PheE15 confor-
mational behavior observed for TyrBPhe and GInEX+Ala
mutants is drastically different. Thus, not only was a lower il
number of transitions betwe@penandclosedstates detected  Figyre 4. Classical molecular interaction potential isocontour plots
(Figure 3), but the population of tr@penstate was found to be  determined for the interaction with a NO probe particle for the oxygenated

negligible. In fact, PheE15 adopted a conformation defined by form of the wt trHbN (top) and their TyrB18Phe (middle) and GInEttAla
(bottom) mutants. The gate residue PheE15 obtained from five representative

an average £&-Cs (H“_C“_Cﬁ__CV) torspnal angle_of a_bOUt snapshots is also shown. The spheres stand for the heme iron and the bonded
+40° in the two mutants, which would impede migration of 0, molecule.
NO through the long channel (no water molecule was found to
migrate along the tunnel even though the length of the MD the two tunnel branches, thus occupying a space in the cavity
simulations of the mutants was twice that used for the wt that coincides with one of the secondary Xe binding sites
protein). recently identified by Bolognesi’'s group upon treatment of
The blockade of the tunnel in tldosedconformation of the trHbN crystals under Xe pressut¥eFor the mutants, however,
PheE15 gate for the two mutants was supported by the CMIP the energy isocontour along the tunnel long branch is broken
isocontour plots for the interaction of a NO probe with the wt due to the presence of the PheE15 benzene ring (Figure 4,
protein and their mutants. For a series of snapshots takenmiddle and bottom). In this case, the favorable interaction energy
regularly along the trajectory, a favorable interaction energy located near the benzene ring, but in the outer part of the tunnel,
region was identified in the distal side of the heme group (see agrees with the main Xe binding site identified by Bolognesi
Figure 4). Such a region protudes toward the intersection of et al® In constrast, the CMIP isocontour determined for the
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wt trHbN-O;, (Figure 4, top) clearly delineates an energetically
favorable path leading from the outer space to the heme cavity.

Essential Dynamics of the TyrB16~Phe and GInE11~Ala
Mutants. The preceding findings point out that the conforma-
tional flexibility of PheE15 is severely restricted in the oxy form
of both TyrB16—~Phe and GInEL+Ala mutants. In trHbND,
the transition betweempen and closed states of PheE15 is
regulated by a salt bridge between Arg10 (in the N-terminal
region) and Glu70 (in the EF interhelical region). This salt bridge
is formed upon folding of the short A helix onto the EF hinge,
which increases the friction between helices B and E, thus
inhibiting opening of the tunnel long branch. The Argi®Ilu70
salt bridge is not observed in the X-ray crystallographic structure
of the wt protein, even though this might simply stem from
crystal packing. On the other hand, the physiological role of
the pre-A region in trHbN remains unknown, thus making it
necessary to be cautious in attributing a functional role to such
an interaction. In any case, a similar folding effect might also
justify the conformational restriction of Phel5 observed in the
two mutants. However, the analysis of the whole trajectory
revealed that this is not the case, since the salt bridge is not
formed (the distance between Arg10 and Glu70 was in general
larger than 20 A; see Supporting Information). These findings,
therefore, suggest that the reduced conformational flexibility
of PheE15 must stem from the intrinsic inability of the mutant
to induce the opening of the channel upos linding.

Our previous studies for wt trHb®, suggested that ©
binding to the heme introduces a major change in the protein
essential dynamics, which favors opening of the tunnel long
branch by enhancing the relative displacement of helices B and
E.12 The essential dynamics analysis of the oxygenated forms
of TyrB10—Phe and GInEl*Ala mutants revealed a drastic
difference in the natural movements of the protein backbone
compared to the wt trHb#,. Thus, the main contributions to
the backbone structural fluctuations stems from helices G and
H and the loop F in the TyrB18Phe mutant (Figure 5, top)
and from helices C, G, and H in the GlnExAla mutant
(Figure 5, bottom).

The difference in the main structural fluctuations of trHbN
O, and the two mutants can be measured by means of the
similarity index&ag (see eq 1 in Methodf,which takes into

Figure 5. Representation of the backbone structural fluctuations due to
essential dynamics motions in the oxygenated forms of TyrBRbe (top)
and GInE1t>Ala (bottom) mutants. Structures in black and gray illustrate

account not only the nature of the essential movements but alsoth® regions in the peptide skeleton mostly affected by the essential

their contribution to the structural variance of the protein. Thus,
for the 10 most relevant essential motions of the backbone
skeleton in the core region of wt trHE®L and TyrB16-PheO,,
which account for around 70% of the structural variance, the
similarity index only amounts to 0.48, which is clearly smaller
than the self-similarities obtained for the wt protein and the
TyrB10—Phe mutant (0.74 and 0.86, respectively; see Support-
ing Information). Interestingly, when such an analysis is
performed separately for the pair of helices 8, the similarity
index is 0.45, whereas it only amounts to 0.26 for the pair of
helices B-E. This indicates that the dynamical behavior of these
two helices is highly different in wt trHbi®, and the
TyrB10—PheO, mutant.

Similar findings are obtained from the comparison of the
essential dynamics of wt trHb®, and the GInE11t-Ala-O,
mutant. In this case, the global similarity index (0.37, which
compares with self-similarities of 0.74 and 0.89 for the wt and
the GInE11~Ala mutant; see Supporting Information) is larger

6786 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007

movements (the labels denote the structural elements in trHbN).

than that obtained separately for helicesB(0.30), but lower
than that determined for the motion of helices-B (0.52).
Overall, these findings reveal the different nature of the motions
in the wt protein and in the two mutants and particularly the
disappearance of the relative displacement observed between
helices B and E in wt trHbND,, which is lost in the two mutants.
Dynamical Behavior of the TyrB10(Phe) and GInE11(Ala)
ResiduesThe alteration in the essential dynamics of the protein
backbone induced in trHbN upon,®inding to the heme is
assisted by the hydrogen-bonded TyrBI®INE11 pair, which
acts as a molecular switéhIn the deoxygenated trHbN, GInE11
adopts an extendell-trans conformation, allowing the terminal
amido group to be hydrogen-bonded to the hydroxyl group of
TyrB10. In fact, there is a dynamical fluctuation between
(TyrB10)O—H---O=C(GInE11) and (TyrB10)®&-H—N(GI-
nE11) hydrogen bonds, so that the hydroxyl group of TyrB10
acts as both hydrogen-bond donor and acceptor (Figure 2, top).
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. = The direct interaction formed between GInE11 and heme-bound
O, makes the separation of the side chains of GInE1l and
10 PheE15 amount, on average, to 5.2 A, which is notably larger
than that found for the oxygenated wt protein (Figure 6). As a
- result, the conformational compression mechanism operative in

wt trHbN-O, is completely lost in the TyrBX6-Phe mutant, as
noted in the fact that the population of structures with a
separation between the side chains of GInE11 and PheE15 lower
than 3.9 A is less than 4%. This effect, combined with the
increased friction between helices B and E, should reduce the
opening of the PheE15 gate.

Population [%]

i In the case of the GInEXtAla mutant, where TyrB10
1 remains hydrogen-bonded to the heme-bound nidlecule
0 (average ®@-0 distance of 2.8 A), the reduction in size and

0 s it hydrogen-bond capability that accompanies the replacement of

GInE11 by Ala breaks the molecular switch that triggers opening
Figure 6. Distribution of interesidue distances between the side chains of of the PheE15 gate.

GInE11 and PheE15 in the oxygenated forms of the wt protein (white bars) . L . .
and its TyrB16~Phe mutant (gray bars). Functional Implications. The reduced catalytic activity

observed for the TyrB18-Phe mutant can be ascribed to the
inability of the PheB16-GInE1l pair to trigger the local
conformational change leading to (i) an increase in the local
compression mechanism exerted by GInE11 onto the side chain
of PheE15 and (ii) the change in the global essential dynamics

mations (F|gyre 2, bottom). . of the protein, which should favor the relative displacement of
The transition between extended and staggered conformatlonﬁ1e|ices B and E. The ligand-induced regulation of the global

of GInE11 is associated with a notable variation in the separation - o .
structural plasticity of the protein is supported by experimental

ﬁ?ﬁi?afzsesﬁgrﬁhﬂgssﬂf?h?: g?%i\héfllfo(stﬁz ';'?]:Irzelg)data indicating that NO-binding to the ferric heme group of the
: ! ! trHbN promotes a large-scale conformational change in the

:)henzen(ta rlpgblntterKthhls, %n a\;]er_age,fclcc;IseEtlol3.9dAbrt:uItﬂ§rotem that propagates through the pre-F helix to the E and B
€ contacts between the side chains of i an € elices?> Further support comes from the experimentally

?antpe a? sthori as 3.1 A (';'g;g; 62}' In. fact, there Its a SIZ"’;bletobserved dependence of the kinetics of ligand diffusion in trHbN
raction of structures (aroun ) having a separation contac on the viscosity of the aqueous environmé&nihich suggests

belc?iv;f Alie., the V‘?P detr Vgaall_s c?nta(cjt__beltweérlt-lz—t . that the dynamical behavior of the protein is directly implicated
an groups according to Pauling’s radii). In contrast, in in the regulation of ligand migration. In fact, the involvement

the deoxygenated fqrm of rHbN, where GInE1l adopts an of different conformational states in the dynamical modulation
extended conformation (see above), the average distance

. of ligand migration is also indicated by the different kinetic
_tl)_ﬁg\r'gf%r:eGISECl;n ag: l:gr?:iigel; fr:];?r?ﬁ: zﬁe?;(;grr:d 0#'5”]'2' pattern observed in CO recombination assays in trHbN and its

;
hydrogen-bonded interaction in the TyrBiGINELL pair Ty\rAE/ssg;:: ?h? iLilt:tr)]ﬁlit of the TyrB¥®Phe mutant to capture
induced upon @binding to the heme triggers a compression y y P

mechanism onto the benzene ring of PheE15, which is proposedNO can be ascribed to the direct hydrogen-ponql Interaction
. . formed between GINnE11l and heme-boung Which impedes
to favor opening of the gate in the tunnel long branch.

The molecular switch formed by TyrBHGINE11 is greatly the occurrence of thiecal conformational changes detected in

. . the TyrB10-GInE11l pair for the wt protein, our results also
affected by the two mutations examined here. In the TyrBRbe S
mutant, GInE11 forms a hydrogen-bond interaction with the indicate that the oxygenated form of the GInE2Ala mutant

heme-bound @ Such an interaction is maintained along the should be inactive against NO consumption. In this case, despite

whole trajectory (averageNO distance of 3.0 A) and forces the larger size of the heme pocket arising frpm thg rfeplacement
. . of GInE11 by Ala, the lack of NO-consumption activity should
GInE11 to adopt amll-trans conformation. Inspection of the

X-ray crystallographic structure of the cyanide complex of the bF()ehattErfsute(fj ttk? tf;er:rrllallo:lltr{ ng‘li tﬁ Cﬁrg?rels:s:?rl]lytthe gatle
TyrB10—Phe mutaritt shows that GInE1l also forms a (PheE15) of the tunnel long branch and to promotegiobal

hydrogen bond with the cyanide ligand. However, in the X-ray change in the essential dynamics leading to motion of helices

structure GInE11 adopts staggeredconformation. This con- B and E.

formational difference can be mainly attributed to the different On the basis of the pre(_:eding_ results: it can be_ concluded
tilt of the two ligands, as noted in the angles formed by the that the TyrB16-GInE11 pair, besides their contribution to the

diatomic molecules and the heme iron (values averaged for unitshigh oxygen affinity of the protein (&binding affinity to ferrous

A and B of 118.8 (Fe--O,) and 168.3 (Fe--CN) in 1IDR . . . .
: ; 25) Mukai, M.; Ouellet, Y.; Guertin, M.; Yeh, S.-RBiochemistry2004 43,
and 2GKM, respectively), though it can also be affected, at Ieast( ) 27%46_II uete vertn € lochemistry2004

H i H H 26) Dantsker, D.; Samuni, U.; Ouellet, Y.; Wittenberg, B. A.; Wittenberg, J.
in part, by the steric hindrance due to PheB10, since the shortest B.- Milani M. Bolognesi, M.. Guertin. .. Friedman, J. M. Biol. Chem.

contact between the carbon atoms in the benzene ring and the 2004 279, 38844.

; i i - inh i (27) Samuni, U.; Dantsker, D.; Ray, A.; Wittenberg, J. B.; Wittenberg, B. A.;
cyanide unit is 3.2 Ain the X raY structure_, which is E_”OU”‘?' 1 Dewilde, S.; Moens, L.; Ouellet, Y.; Guertin, M.; Friedman, J. MBiol.
A lower than the average separation found in the MD simulation. Chem.2003 278§ 27241.

Distance [Al

In contrast, since the heme-coordinatedies TyrB10 through
a hydrogen bond in trHb#®,, the TyrB10 hydroxyl group acts
exclusively as hydrogen-bond acceptor for the amide gliidup
of GInE11, whose side chain populates tetaggeredconfor-
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trHbN of 8.0 x 1079 with a ke of 0.2 s'1)8 and to the correct
positioning of the incoming NO ligand in the,®ound heme

TyrB10, and GInE11 are retained, and the protein binds oxygen
reversibly with high affinity. Nevertheless, the NO-metabolizing

cavity, acts as a molecular switch that regulates opening of theactivity of M. smegmatisrHbN is significantly lower than that

tunnel long branch and facilitates ligand (NO) migration to the
O,-bound heme. In fact, since the NO conversion to nitrate by
trHbN-O, occurs at a rate faster tharp Ginding to the deoxy

of the M. tuberculosisprotein®’ It is not clear whether this
functional difference might come from the lack of the highly
polar and charged N-terminal sequence motif that constitutes

protein (the bimolecular rate constants for these two processeshe pre-A region irM. tuberculosigrHbN. Present results allow

are 745 and 2M~1 s71, respectively}® this role might be
considered to be the most critical factor to warrant survival of
M. tuberculosisunder stress conditions.

Finally, in line with previous studies carried out to identify
the factors that modulate ligand migration in heme prot&ng,

these results point out that the dual-path ligand-induced dynami-

cal regulation mechanism in trHbN relies on a small number
of key residues. This finding opens challenging questions
relative to the involvement of similar ligand diffusion mecha-

us to speculate that such a functional difference might also stem
from an alteration in the dynamical behavior of the protein
skeleton, which might affect the regulation mechanism that
facilitates NO diffusion through the protein matrix. Clearly,
untangling the structural basis of the interplay between ligand
binding, protein dynamics, and ligand migration will shed light
on the emerging field of multiligand chemistry in heme proteins.
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