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ABSTRACT

Truncated hemoglobins (trHbs) are heme proteins
present in bacteria, unicellular eukaryotes, and
higher plants. Their tertiary structure consists in a
2-over-2 helical sandwich, which display typically
an inner tunnel/cavity system for ligand migration
and/or storage. The microorganism Bacillus subtilis
contains a peculiar trHb, which does not show an
evident tunnel/cavity system connecting the pro-
tein active site with the solvent, and exhibits any-
way a very high oxygen association rate. Moreover,
resonant Raman results of CO bound protein,
showed that a complex hydrogen bond network
exists in the distal cavity, making it difficult to
assign unambiguously the residues involved in the
stabilization of the bound ligand. To understand
these experimental results with atomistic detail, we
performed classical molecular dynamics simula-
tions of the oxy, carboxy, and deoxy proteins. The
free energy profiles for ligand migration suggest
that there is a key residue, GInEll, that presents
an alternate conformation, in which a wide ligand
migration tunnel is formed, consistently with the
kinetic data. This tunnel is topologically related to
the one found in group I trHbs. On the other
hand, the results for the CO and O, bound protein
show that GInE11 is directly involved in the stabi-
lization of the cordinated ligand, playing a similar
role as TyrB10 and TrpG8 in other trHbs. Our
results not only reconcile the structural data with
the kinetic information, but also provide addi-
tional insight into the general behaviour of trHbs.
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INTRODUCTION

Truncated hemoglobins (trHbs) are a subfamily of the globin
family, widely distributed among bacteria, protozoa, and plants.l’2
Their name reflect the fact that the sequence of TrHb is shorter by
20-40 residues compared to typical globins. The function of TrHbs
is in many cases poorly understood, but roles, such as O,/NO sen-
sors, oxygen carriers under hypoxic conditions, or pseudoenzymes
have been propos.ed.3_5 Phylogenetic analysis of TrHb sequences
have suggested the existence of three distinct groups denoted I, II,
and III (also known as N, O, and P, respectively). The group II is
supposed to be the ancestor of the three.6 Noteworthy, many
organisms have more than one TrHb belonging to different groups,
and some display members from all three groups. The presence of
multiple TrHbs in the same organism and the fact that in many
cases they also coexist with members of the common globin family
suggest that different members may fulfill completely different
functions.

Structural analysis has shown that the three kinds of TrHbs
share the same overall folding domain. Instead of the typical 3-on-
3 helix fold of common globins, as myoglobin, TrHbs are formed
by a 2-on-2 helical sandwich.2 Interestingly, many topological
positions are conserved and are common to the whole globin fam-
ily, such as HisF8, which coordinates the iron on the proximal site
and is the only residue fully conserved in the whole family. Other
topologically conserved positions are residues B10, E7, E11, and
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G8, which are generally responsible for protein interac-
tions with the bound ligand. These residues usually form
complex hydrogen bond networks (HB) that modulate
ligand binding.

One of the most striking structural feature of TrHb
structures is the presence of several tunnels connecting
the active site with the solvent. These tunnels have been
proposed to play a key role in determining ligand migra-
tion through the protein matrix.! This proposal is based
on the fact that ligand association rate constants are
determined by both accessibility of ligand to the active
site and coordination to the iron, but the former is usu-
ally the rate limiting step.’

The most studied trHbs are probably Mycobacterium
tuberculosis Mt-TrHbO and M+TrHbN. In Mt-trHbO a
tight and complex hydrogen bond (HB) network is
formed by the distal residues TrpG8, TyrB10, and
TyrCD1 [Fig. 1(a)]. The TrpG8 is mainly responsible for
the strong interaction with the bound oxygen, resulting
in a very low dissociation rate and therefore high oxygen
affinity. In Mt-trHbN the distal HB network formed by
TyrB10 and GInEll contributes to the low dissociation
rate constants (koff) compared to myoglobin. However,
the absence of TrpG8 may explain the increase in koff
compared to M#trHbO.8? Moreover, in Mt-trHBN O,
binding alters the HB network that leads to a conforma-
tional change, which in turn causes an alteration in the

ligand migration, allowing a efficient NO detoxifica-
tion. 1011

All members of the group N studied so far show the
presence of a long tunnel (LT) parallel to the long pro-
tein axis, topologically positioned towards helices B and
E. Two short tunnels roughly normal to the LT are also
found. The first can be described as the one found in
Mt=TrHbN, next to key residues ValG8 and IleH11 and
from now on called short tunnel G8 (STG8) as shown
schematically in Figure 1(b). In M#TrHbO TrpG8 is
blocking the STGS8, and a short tunnel with a lower bar-
rier for ligand migration is found in the opposite direc-
tion towards E7 (STE7). Interestingly in M#-TrHbO, the
TrpG8 is also responsible for blocking the LT and there-
fore key for ligand entry.8>9 In Mt-trHbN the LT opening
is controlled by PheE15, which acts as a gate for ligand
migration. It is worth noting that the TrpG8 is conserved
on the whole Group II and III, but it is not found in
group I TrHb.

The case of truncated hemoglobin O of B. subtilis
(Bs-trHbO) is, nevertheless, a challenging system, as the
structural features of this protein do not permit to
rationalize the ligand binding properties. Although
TrpG8 is present in Bs-TrHbO, and therefore both
LT and STG8 are expected to be blocked, the ligand
association rate k,, is higher than that found for M-
trHbO, and surprisingly similar to that correspond to
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a) Active site of three different truncated hemoglobins: B. subtilis truncated hemoglobin O (Bs-trHbO), M. tuberculosis truncated hemoglobin O
(Mt-trHbO), M. tuberculosis truncated hemoglobin N (M#trHbN). b) Schematic representation of the Long (LT), Short E7 (STE7), and Short G8
(SG8T) tunnels for ligand migration in the tertiary structure context of Bs-trHbO.
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Table |

Kinetic Data of Three Different Truncated Hemoglobins

Heme-protein konOz X (M™'s7) Kose 05 X (s7)

Bs-trHbO [12] 14 x 10 21 % 10°°

Mt-trHbO [4] 1.1 x 10° 14 x 1078
85 x 10° 58 x 10°°

Mt-trHbN [5] 25 X 107 20 x 107"

B. subtilis truncated hemoglobin O (Bs-trHbO) (12), M. tuberculosis truncated he-
moglobin O (Mt-trHbO) (4), M. tuberculosis truncated hemoglobin N (Mt-
trHbN) (5).

Mt-trHbN (Table I). On the other hand, Bs-tr7HbO has
three residues (TrpG8, TyrB10, and GInEl1l) capable of
interacting with the bound ligand,12 but as the X-ray
structure corresponds to the CN state, the details of the
HB network in the physiologically oxygenated protein are
unknown.

In this study, we have performed computational simu-
lations of wild type and selected mutant Bs-TrHbO to
understand the structural determinants of its ligand
binding properties at the atomic level. To elucidate the
potential implication of different tunnels in ligand bind-
ing migration, we performed molecular dynamics simula-
tion (MD) of the protein in the deoxygenated state
and computed the free energy profile for ligand migra-
tion along each tunnel. On the other hand, MD simula-
tions of the oxygenated and carboxygenated protein were
performed to shed light on the role of the HB network
on ligand binding, and its connection with kinetic
properties.

METHODS

MD simulations were performed starting from the
crystal structure of wild-type cyano-met Bs-trHbO,
solved at 2.1 A resolution (PDB entry: 1ux8.pdb).12 The
CN"™ was replaced for an O, or CO ligands. The system
was then immersed in a box of TIP3P water molecules of
2985 water molecules.!3 The minimum distance between
protein and wall was 12 A. All systems were simulated
employing periodic boundary conditions and Ewald
sums for treating long range electrostatic interactions.!4
Shake was used to keep bonds involving H atom at their
equilibrium length. This allowed us to employ a 2 fs
time step for the integration of Newton’s equations. The
parm99 and TIP3P force fields implemented in AMBER
were used to describe the protein and water, respec-
tively.1> The oxygenated and carboxygenated heme
model system charges were determined as described in
previous works’ (Supporting Information). The tempera-
ture and pressure were regulated with the Berendsen
thermostat and barostat, respectively, as implemented in
AMBER.

964 FroTEINS

All systems were minimized to optimize any possible
structural clashes. Subsequently, the systems were heated
slowly from 0 to 300 K using a time step of 0.1fs, under
constant volume conditions. Finally, a short simulation
at constant temperature of 300 K, under constant pres-
sure of 1 bar was performed using a time step of 0.1fs,
to allow the systems to reach proper density. These equi-
librated structures were the starting point for production
MD simulations.

Mutations were performed in silico by changing the
corresponding amino acid in the original structure, and
allowing the system to equilibrate as mentioned earlier.

Migration free energy profiles

To examine the properties of the hydrophobic tunnels
in Bs-trHbO from B. subtilis, the migration free energy
profiles were determined in deoxygenated state of the
protein. Free energy profiles were determined by means
of constant velocity multiple steered molecular dynamics
(MSMD) simulations, and using the Jarzynski’s equal-
ity,10 which relates the equilibrium free energy (AG)
along the reaction coordinate with the irreversible work
performed over the system when it is steered along the
coordinate at constant temperature according to:

exp[—AG(E)/ky T] = (exp[-W(§)/ ks T])

where W(E) is the external work performed on the sys-
tem as it evolves from the initial to the final state along
the reaction coordinate (&), computed by integrating the
force acting on the steering potential along &.

The steering potential “E(r)” is a harmonic well that
moves with constant velocity (v) along the reaction coor-
dinate:

E(r) = k[r — (&, + vAn))®

The reaction coordinate £ was chosen as the iron—
ligand distance. The force constant used was 200 k cal/
mol A. The pulling velocity used was 0.025 A/ps. To con-
struct the free energy profile of ligand migration along a
selected tunnel, a set of independent MSMD simulations
were performed, in which the ligand was pulled from the
solvent to the active site. Every set of MSMD runs was
performed starting from equilibrated MD structures, cor-
responding with the ligand in different internal places of
the protein: Entrance of tunnel, or local minimum. To
decrease the error of MSMD simulations, we performed
each MSMD in a maximum range of 6 A (Supporting
Information).

In practice, to construct the free energy profile of
ligand migration along a selected tunnel stretch (from
minima to minima) 40 individual MSMD simulations
were performed. Every MSMD run was performed start-
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ing from a different equilibrated structure, with the
ligand located in the corresponding secondary docking
site or at the entrance of tunnel (i.e in the solvent). The
resulting individual work profiles were combined to com-
pute the corresponding free energy profile. The complete
profile along the whole tunnel length was then built by
joining the segment profiles.

Convergence of each profile was determined by com-
puting different exponential averages, each using an
increasing number of individual work profiles, until no
significant changes in the resulting profile were obtained
with the incorporation of new work profiles. This is
nicely shown in Figure SIF8-SIF13, where free energy
profiles computed using 10, 15, 20, 25, 30, 35, and 40
individual MSMD simulations are depicted. As can be
seen after 20-30 MSMD simulations, the resulting free
energy profile does not change significantly due to the
addition of new simulations. The relatively small number
of MSMD required to achieve convergence in the com-
puter free energy profiles is due to the fact that the
ligand migration process does not imply significant pro-
tein reorganization.

This computational scheme has been successfully
applied to compute the free energy profile of ligand
migration in M#-trHbN and M#-trHbO and also to com-
pute free energy profiles of enzymatic reactions.?>10,17

RESULTS
Simulation stability

To evaluate the stability of the simulations, and to cor-
roborate the correct thermalization of the different sys-
tems studied, we have plotted the RMSD of the protein
vs time of simulation. The results show that all simula-
tions (wild type and different mutant proteins) are stable
and equilibrated after a few nanoseconds (Supporting
Information). Comparison of the MD representative
structures with the original crystal structure shows no
significant changes in the overall structure (CA-CA dis-
tance is less than 1 10\). Also, the comparison of MD fluc-
tuations with the experimental B-factor shows that the
simulation accurately represents the flexible and/or rigid
zones of the tertiary structure obtained experimentally
(Supplementary Information: Figures 14 and 15).

Detection of possible tunnels for ligand
migration

Two different strategies were used to characterize inter-
nal tunnels for ligand migration. First, several MD simu-
lation of the free protein with unbound ligand initially
located into the distal side of the heme cavity were per-
formed. Then, free energy profiles for each possible tun-
nel were determined.

Figure 2

View of the truncated hemoglobin O of B. subtilis (Bs-trHbO). The
heme group is depicted in yellow, the relevant residues are shown in
light blue, and the long and short tunnel are depicted in gray.

The results obtained from MD simulation show that,
although the X-ray structure does not show a clear tun-
nel for ligand migration, two possible tunnels could be
identified as plausible pathways for ligand migration,
which correspond to typical LT and STE7, respectively, as
noted in Figure 2.

To establish the relevance of each tunnel and to char-
acterize them from a thermodynamic viewpoint, we com-
puted the free energy profiles for O, migration using
MSMD computations. For the LT [Fig. 3(a)], migration
can occur with almost no barrier. The ligand is initially
trapped in cavity at about 11 A from the iron, and from
there only a very small barrier (less than 1 k cal/mol)
must be surpassed to access the distal cavity at about 6 A
from the iron. The largest barrier (about 2 k cal/mol) for
ligand migration towards the heme cavity is located at
the entrance of the LT, and can be ascribed to the inter-
action of the ligand with four Leu residues: LeuB2,
LeuB5, LeuEl15, and LeuH5 (Fig. 2).

The results for the STE7 [Fig. 3(b)] show that the tun-
nel displays a high barrier for ligand migration from the
solvent into the heme active site. Residues involved in
the energetic barrier are probably ThrE7 and GInEll.
Therefore, the results suggest that ligands will enter into
the protein through the LT, and this migration will
occurs without a significant hindrance.

As mentioned in the introduction, in MtTrHbO
TrpG8 blocks the LT resulting in a barrier larger than 10
kcal/mol for ligand entry into the protein. In this case,

prOTEINS 965



L. Boechi et al.

oy
—

il \ J

/ \, LewE11-Gin 3 ‘#
sl f X ‘jﬂ -
- ™ - Leug2

Free Energy (kcal/maol)
T
1

b)* T T T
%‘ ThrET
g 3 -
=
= 2 T
e
L
=
a)
TR = Al
o
i
0 =
| L | I | L | L |
4 f B 1k 12
Distance Fe-0, (A)
Figure 3

a) Free energy profiles for ligand migration through the long tunnel.
Results for the wild type and mutant GInE1l1-Leu are shown in black
and grey lines, respectively. b) Free energy profile for ligand migration
through short tunnel E7 in wild type protein.

although the same residue TrpGS8 is present in Bs-TrHbO
access to the heme cavity is not limited by a relevant bar-
rier for this protein. This difference can be attributed to
residue E11, which is Leu in Mt and Gln in Bs. In Bs-
trHbO the O atom of GInEll is bound to TyrB10
hydroxyl hydrogen, generating the rotation of GInEll
towards the tyrosine. This motion of GInEl11l leads to a
tunnel free for ligand migration, and blocks the STE7.

To determine if the motion of GInEll is responsible
for the low barrier, the GInE11-Leu mutant was built up
in silico and the corresponding free energy profile for
ligand migration was determined. The results [Fig. 3(a)]
reveal that this mutant protein presents a higher barrier
for ligand migration when compared to the wild type
protein, which supports the hypothesis about the relevant
contribution of residue E11 to modulate the migration of
ligands through the LT. Overall, during ligand migration
through any of the tunnels, protein structure remains
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unchanged and only local sidechain motions as those
described earlier are observed.

Analysis of distal cavity HB network
Oxy wt-BsTrHbO

A 20 ns MD simulation was performed to analyze the
structure of the distal cavity in the oxy Bs-TrHbO. Ini-
tially, TrpG8 and TyrB10 occupy the same position found
in the X-ray structure while GInEll moves towards
TyrB10 forming an HB between its amide carbonyl-O
and TyrB10-OH [Fig. 4(a)]. This interaction allows the
amide NH2 group of GInEll to be hydrogen bonded
with O, with bond distance of 2.32 + 0.42 A. This HB
pattern remains for about 3ns [Fig. 4(c,d)], after which
the HB between GInE11 and O, is broken and the amide
moiety forms a new HB with the hydroxyl oxygen of
TyrB10, which in turn is HB to the coordinated oxygen
(bond distance of 2.06 & 0.27 A) [Fig. 4(b)]. During the
whole simulation time TrpGS8 is forming a strong HB
with O, (bond distance of 2.07 + 0.24 A). As no shift to
the original conformation of GInEll is observed during
the rest of the simulation time, the initial HB pattern
probably represents a bias due to the initial CN bound
crystal structure, while the final stable structure repre-
sents the actual oxy stable conformation of the protein.

Based on the preceding analysis, it is clear that two
strong HB are established with the heme-bound O,. This
behavior is similar in Mt-trHbO, where one of the resi-
dues is TrpG8 and the other is TyrCD1 (data not
shown).4 As in both proteins (Bs-trHbO and Mt-trHbO)
there are two residues stabilizing the heme-bounded O,,
and one of the residues is TrpGS8, which is forming a
strong HB, is not surprising that the koff was similar in
both proteins

Oxy TrpG8 to Leu BsTrHbO

As mentioned in the Introduction, TrpG8 forms a
strong HB with heme-bound O, in M#-TrHbO, which
contributes to the low koff in this protein. To determine
the relevance of the TrpG8 on the HB network in Bs-
TrHbO, the TrpG8-Leu mutant protein was examined by
means of a 20ns MD simulation. The analysis of the tra-
jectory reveals that when Trp is removed, TyrB10 estab-
lishes a strong HB with the bound O, (bond distance of
2.04 + 0.29 A), while GInE11 is hydrogen-bonded to
TyrB10 (bond distance of 2.28 £ 0.41 A), similar to the
wt protein (Supporting Information Figure SIF16). Com-
parison of HB for wt and mutant protein are shown in
Figure 5. Accordingly, the mutation TrpG8-Leu should
diminish the number of HB with O,, and therefore the
koff should increase.

€O bound Wt-BsTrHbO

In the last years, several groups have performed
MD simulations to understand the Resonance Raman
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Schematic representation of the neighboring location of wild type Bs-trHbO distal site with O,, showing the residues of the HB network. a) GInE11
and TrpG8 form HBs with the ligand, and TyrB10 is hydrogen-bonded to GInEl1l. b) The second conformation of the protein, where TyrB10 and
TrpG8 form HB with the coordinated dioxygen. In this case it can be observed the HB between GInE11 and TyrB10. ¢), d) Time evolution of
selected distances among distal residues and the coordinated O,. TyrB10-O,, TrpG8-O,, and GInE11-O, distances are depicted with black, grey, and
light grey lines, respectively. d) Time evolution of selected distance between distal residues TyrB10-GInE11.

experiments.18:19 The availability of Resonant Raman
data for Bs-trHbO (discussion) prompted us to examine
the structure and dynamics of CO bound in Bs-trHbO
by means of MD. Our results show that there exist two
conformations depending on the motion of the GInEl1l
and the TyrB10 (Fig. 6). As noted for the oxygenated
protein, in the first conformation a HB is formed
between CO and distal residues TrpG8 and GInEl1 [Fig.
6(a)]. Moreover, the hydroxyl group of TyrB10 is also
hydrogen-bonded to the amide-carboxyl of GInEll. In
the second conformation, however, the situation is differ-
ent from the one observed in the oxy protein. In this
case TyrB10 remains hydrogen-bonded to GInEll, but
this residue is no longer hydrogen-bonded to CO and
moves away strengthening its interaction with TyrB10
[Fig. 6(b)]. For these reasons, in this conformation the
heme-bound CO has only one hydrogen bond. Both
structures are in dynamic equilibrium as shown by the
distance plot [Fig. 6(c)], population analysis shows that

the HB between GInEll and bound CO corresponding
to conformation 1 is present about 35% of the simula-
tion time. The HB distances between coordinated CO
and TrpG8 and GInEl1l are 2.18 £+ 0.25 A, and 2.91 +
0.63 A, respectively.

CO bound TrpG8Leu Bs-TrHbO

As in the case of heme-bound O,, the simulation of
TrpG8-Leu mutant presents only one conformation,
where TyrB10 is hydrogen-bonded to CO (bond distance
of 2.19 4 0.33 A), whereas GInE11 is only interacting
with OH of TyrB10. (Supporting Information Figure
SIF17 for details)

DISCUSSION

Truncated hemoglobins (TrHbs) are a large sub family
of proteins, which has been intensively studied in the last

proOTEINS 967



L. Boechi et al.

GInE11l TyrB10

Figure 5

Schematic representation of the neighboring location of TrpG8-Leu
mutant Bs-trHbO distal site with O,, showing the residues involved
in the HB network.

decade, due to its interesting structural and ligand bind-
ing properties. The most striking features are the pres-
ence of extensive tunnel cavity systems that connects the
solvent to the heme-active site, and the complex HB net-
work displayed in the distal cavity that modulates ligand
affinity and ligation linked conformational dynamics.1>10

Bs-TrHbO is the second protein structurally character-
ized from group II, and presents several interesting fea-
tures that motivated this study. The most striking feature
of the members of the group II is the lack of the short
tunnel G8 (STGS), due to the presence of TrpG8. In the
case of Mt-trHbO, the TrpG8 also blocks the LT, making
short tunnel E7 (STE7) to be the only possible pathway
for the ligand migration. The case of Bs-TrHbO is more
complex, as the presence of a threonine residue at posi-
tion E7 typically blocks STE7. Therefore, the X-ray crys-
tallographic structure does not exhibit a clear tunnel for
ligand migration. However, its kinetic constants k,, were
very high to assume the lack of those tunnels. Indeed,
this kinetic constant is similar to Mt-trHbN one, which
presents a clear tunnel in the X-ray structure.

Using MD simulations and MSMD, we have shown
that the LT in Bs-trHbO is open, as in the case of Mi-
TrHbN. When we compare the X-ray structure, at about
0.5 ns of simulation time the LT opens due to a motion
of GInEll, which comes closer to TyrB10. This motion
leads to a barrier for ligand migration of about 2.5 k cal/
mol, which is consistent with the k,, rate constant of 1
107 M™' s7'. Noteworthy, the new position of the
GInEll is similar to that observed in the X-ray crystal
structure of the trHbN.1l Interestingly, the motion of

968 FroTEINS

GInEl1l towards TyrB10 not only opens LT, but it closes
the STE7 (Fig. 1). Therefore, it seems that ThrE7 and
GInEl11 are responsibles for the high barrier found in the
ligand migration through STE?7.

Comparing Bs-trHbO, Mit-trHbN, and Mit-trHbO;
the O, association rate constants are similar in the first
two cases (~10" M~ s™') while it is significantly smaller
in the latter case (~10° M~ ' s~ !). This can be ascribed to
the fact that the LT and STG8 are accesible for
ligand migration in Bs-trHbO and Mt-trHbN, respec-
tively; while in M#-trHbO only the more hindered STE7 is
open as both LT and STG8 are blocked by TrpG8. On the
other hand, the TrpG8 residue does not block the LT in
Bs-trHbO, as it is generally assumed by inspection of the
crystal structure, due to a rearrangement in the distal site
involving GInE11. At this point it is worth noting that in
Bs-trHbO the LT is open due to the lack of the bulky
PheE15, which is acting as a tunnel gate in M#-trHbN.

To corroborate the role of GInEll, the GInEll-Leu
mutant was examined. Similarly to what is observed in
Mt=TrHbO, the results show that in this case the tunnel
is blocked due to a bottleneck formed between TrpGS8
and LeuEll.

Therefore, we can conclude that in group II TrpG8
blocks STG8, and both TrpG8 and LeuE11 block the LT.

Concerning the distal HB network, our results show
that in the oxygenated protein two different conforma-
tions coexist in the protein. In both cases two residues
are forming HBs with the coordinated ligand: TrpG8 and
GInEll or TrpG8 and TyrB10. However, in the mutant
TrpG8-Leu, only TyrB10 is hydrogen-bonded to O,, and
a higher dissociation rate constant koff is expected for
this mutant protein.

Different results are observed for heme-bound CO.
Although there are two different conformations, one of
them is different compared to those observed in the oxy-
genated protein. Thus, TrpG8 is the only residue HB to
CO, but TyrB10 and GInEll are HB to each other and
far away from the ligand in one conformation, while in
the other conformation CO exhibits two Hbs with TrpG8
and GInEll. These results are consistent with the RR
results, in which two frequencies for the wild type
Bs-trHbO protein were observed with co20 (Table II).

Regarding the general structure function relationship
in TrHbs our results not only reconcile the structural
data with the kinetic binding properties, they also give
further support to the hypothesis that the LT is the most
important in regulating ligand entry in TrHbs. Further-
more, our results shed additional light on the role played
by TrpG8, that is conserved in groups II and III. Based
on previous data for Mt-TrHbO, the presence of TrpG8
seemed to impose a big constrain to ligand migration as
it was able to block both LT and STGS8. The data pre-
sented here show once more the plasticity and redun-
dancy of several residues of the globin fold to account
for ligand binding kinetics. Although the presence of
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Figure 6

Schematic representation of the wild type Bs-trHbO distal site with CO, showing the residues of the HB network. a) in the first conformation
GInE11 and TrpG8 are hydrogen-bonded with the ligand, and the TyrB10 forms an hydrogen bond with GInE11. b) In the second conformation
TyrB10 and TrpG8 are hydrogen-bonded to CO, and GInEl1 interact with TyrB10. ¢) Time evolution of selected distances among distal residues
and the coordinated CO. TyrB10-CO, TrpG8-CO, and GInE11-CO distances are depicted with black, grey, and light grey lines, respectively.

TrpG8 was expected to hinder ligand entry, the presence
of a Gln in position El1, compared to Leu found in
Mt-TrHbO clearly opens up the LT allowing ligand entry
and resulting in fast association rates. Interestingly, analy-
sis of all TrHbOs sequences shows that this residue is ei-
ther Leu or Gln, with similar frequencies, Phe in about
five cases and Ser in two cases. Based on our data a Phe
is expected to also display a very closed channel, while a
Ser may lead to an open channel. In this view the

Table 1l
Resonant Raman Vibrational Frequencies (cm™ ') For B. subtilis

Truncated Hemoglobin O (Bs-trHbO) (20)
-]

1FeC) 1co)

Bs-trHbO (CO) 545 1888
520 1924

Bs-trHb0-WGSL (CO) 524 1920
489 1958

TrHbOs can be divided in those displaying LT open when
Gln/Ser in position E11 and those closed when Leu/Phe
is found. Furthermore, the phylogenetic tree of Groupll
TrHbs shows a first division completely correlated with
the presence of Leu/Phe or Gln in position E11 (proteins
with a Ser in El1, belong to a separate cluster). The fact
that the predicted open or closed LT state is correlated
with the protein phylogenetic analysis points out that
this position may be a key in regulating TrHb properties
and therefore its function, therefore conditioning evolu-
tion in other positions.
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