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Abstract Hemoglobins are ubiquitous proteins found in
bacteria, plants, and animals with diverse functions other
than the classical transport/storage of oxygen. Different
functions are expected to correspond to substantially dif-
ferent structures, such as the hexa- and penta-coordination
of the iron atom. It is now widely believed that pentaco-
ordinate hemoglobins evolved from the hexacoordinate
ones, both in plants and in animals. Since plant hemoglo-
bins evolved more recently than in animals, they represent
a simpler and thus useful system to investigate protein
sequence/structure features that specifically supported,
guided by molecular evolution, the capacity for oxygen
transport. In the present work, we selected a fully hexa-
coordinate globin, AHb2 from Arabidopsis thaliana and the
pentacoordinate oxygen-transporting LegHb from yellow
lupin, that share a high degree of sequence identity. Our
aim is to identify the structural determinants for oxygen
transport by analyzing the structural/dynamical differences
of a hexacoordinate and a pentacoordinate globin using all-
atom molecular dynamics simulations. Using comparative
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MD simulations, we were able to go beyond the simple
sequence alignment, pointing out important differences
between these two hemoglobins especially at the level of
the CD region, whose dynamics was found, in turn, to be
strongly correlated with that of the distal region.
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1 Introduction

The globins family represents a nice example of proteins that,
through evolution, diversified their functions. Hemoglobin
(Hb), probably the most important protein of this family, is
an oxygen binding protein that is present in most living
organisms. Hbs were originally described in animals, and in
particular, in vertebrates they have been shown to facilitate
oxygen transport in blood. However, animals, plants, fungi,
and bacteria express a number of different Hbs [1], many of
which have functions other than the oxygen transport [2, 3].
These different functions correspond to substantially differ-
ent structures, some of these globins being monomeric, some
others being characterized by a multimeric quaternary
structure. Recent genomic studies [4] proposed Hbs to have
originated in a bacterial ancestor, which probably needed to
sequester reduced iron on one side and to control excessive
oxygen concentrations, lethal for the anaerobic life, on the
other. Another possible function may have been the detoxi-
fication of nitric oxide through its oxidation in an oxygen-
rich successive environment. From bacteria, possibly through
lateral gene transfer or some other mechanism, this Hb
ancestor appeared in animals (~500 Myears) and more
recently in plants (~200 Myears) [1, 5, 6]. It has been rec-
ognized that natural selection and evolution through
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mutations, on the one hand, improved/extended the protein’s
function, and, on the other, led to overlapping functions,
sometimes in such a manner so as to hide structure/function
correlations [7]. Since plant Hbs evolved more recently than
in animals, they represent a thought to be simpler and thus
useful system to investigate protein sequence/structure fea-
tures that specifically supported, guided by molecular evo-
lution, the capacity for oxygen transport.

The classical pentacoordinate oxygen transport Hbs are
now widely considered to have evolved from hexacoordi-
nate Hbs both in plants and in animals. In the hexacoor-
dinate non-oxygen transport Hbs, the distal histidine
reversibly coordinates the ligand binding site, i.e., the heme
iron. The net result is a competition between the histidine
and the ligand to bind the sixth iron coordination site,
affecting both ligand kinetic rates and affinity that, in turn,
might be no longer optimal for oxygen transport. Thus, the
structural passage from non-oxygen to oxygen transport
function seems to be linked to globins capability of
avoiding the endogenous hexacoordination, i.e., the coor-
dination between the heme iron and the distal histidine.
Nevertheless, this passage had to take place without the
distal histidine deletion since it is well documented to have
a primary role in the optimal stabilization of the bound
ligand, such as the oxygen, in the pentacoordinate Hbs [8].
Despite the high resolution achieved by X-ray crystallog-
raphy, no sequence/structure features specifically support-
ing the heme hexa- to penta-coordination transition could
be yet recognized. Only one comparison has appeared in
the literature, between the endogenous hexacoordinated
rice Hbl and the exogenous hexacoordinated barley Hb
(with CN™ as bound ligand) [6]. What is questionable in
that paper, as was also recognized by the authors them-
selves, is whether the identified differences, found mainly
in the CD and EF regions, are actually correlated with the
endogenous-exogenous forms or they are merely due to
inherent differences in the two polypeptide chains, the rice
and barley Hbs, respectively.

Thus, in the present work we selected a fully hexaco-
ordinate globin, the non-symbiotic class 2 Hb from
Arabidopsis thaliana (AHb2) and the pentacoordinate
oxygen-transporting LegHb from yellow lupin, as they
share a high degree of sequence identity and similarity (58
and 87%, respectively). While LegHb is known to be
monomeric, it has not yet been clarified whether AHb2 has
a quaternary structure (dimeric, such as AHb1 from rice) or
a monomeric one [9]. Our goal in the present paper has
been to identify the structural determinants that distinguish
AHDb2 from LegHb, i.e., a hexacoordinate from a penta-
coordinate globin using molecular dynamics simulations.
We compare the monomeric units of the two proteins.

Thanks to the introduction and development of molec-
ular modeling in the last 30 years, the term “structure” has
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now evolved to have a wider (and more general) meaning.
Immediately after the first protein simulation [10], it was
clear that proteins are not at all static structures, and the
extent of spontaneous fluctuations can reach the value of
interatomic distances: dynamics of proteins is as important
as their structures, being altogether the essential elements
that tune/determine their functions [11-13].

Since AHb2 has not yet been crystallized, molecular
modeling was the method of choice in order to compare the
structure/dynamics of the two proteins under investigation.
Using MD simulations, we could go beyond the simple
sequence alignment, identifying key residues, especially
looking at the CD and EF regions, expected to tune the
mentioned structural change [6].

Today, the understanding of protein structure/function
relationship represents an extraordinary challenge to pro-
tein engineers, who aim at reproducing or inducing new
functions in synthetic polypeptide chains [7]. The structure
and the chemistry underlying hexacoordination are the
subject, indeed, of increasing attention by the scientific
community due to potential roles in sensing and detoxify-
ing NO. Altogether, our results on the structural determi-
nants for oxygen transport provide more structural and
dynamical information, which can be used in designing
new synthetic proteins with applications, for instance, as
substitutents in blood substitutes.

2 Methods

We started MD simulations on LegHb from its high-reso-
lution X-ray structure (PDB code 2GDM at 1.7 A) [14].
AHD?2 initial structure was obtained by homology modeling
starting from its amino acids sequence (GenBank id:
U94999) [5]. The list of the five highest homologous
sequences generated by the program PDBBIlast2 contained
only subunits of hemoglobin tetramers, while in a recent
paper [13] AHb2 was derived from the X-ray structure of
AHb1 of rice (1DS8U solved at 2.4 1&) [9]. After con-
structing different AHb2 models on the basis of the
structures from the five sequences generated by PDBBlast2
and that from AHbI of rice using modeler [15], we ana-
lyzed and compared all of them with the Qmean server
[16]. The highest score corresponded to the structure
derived from AHb1 of rice (80% similarity and average
deviation of 1.7 A), and thus it has been used as the initial
structure for our AHb2 simulations.

Both proteins were separately solved in an orthorhombic
water box with an initial side length of 69 A and containing
~9,900 water molecules (~31,000 atoms). After 1,000
steps of steepest descent minimization, we performed 50 ps
of simulations at 20 K in the NVT ensemble, followed by a
slow heating (600 ps) in the NPT ensemble, from 10 to
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300 K at 1.0 bar. During heating, we maintained C-alpha
atoms close to their initial position by applying harmonic
restraints (10 kcal/mol/Az), reaching a relaxed box size
with an average side length of 66.8 A. Then, we decreased
the restraints to zero in two steps (2 ns), and 108 ns long
MD simulations have been finally performed for each of the
two proteins. A posteriori, the AHb2 simulation was run for
an additional 220 ns in order to increase the statistics (see
below). Moreover, the AHb2 sequence was modified at the
level of the CD region (from residue 41 to 60) in order to
obtain an AHb2 with the same CD region as LegHb. In
particular, G45D, R51K, D52G, S53T, D54S and H58Q
mutations were introduced, leading to the AHb2-1a mutant.
The latter was relaxed in a water box, and 240 ns long MD
was run as described for the two wild-type proteins.

The Soft-Particle-Mesh-Ewald (SPME) algorithm (64
grid points and order 4 with direct cutoff at 10.0 A and
switch at 6.0 as suggested in [17] to better conserve the
total energy) was used to treat long-range electrostatic
contributions in combination with a multiple-time-step
algorithm. The initial 9 ns were rejected, while the last
96 ns were used for the analysis. MD simulations were
performed with the NAMD program (version 2.7),
employing the Amber99SB-ildn [18] force-field and TIP3P
[19] for the protein and water, respectively. For the heme
group in the deoxy state, we used the amber parametriza-
tion corrected by the value “hard” as reported in [20].

The VOIDOO software [21] was employed to localize
the internal voids and calculate their volume. As described
in detail elsewhere [22], a cluster analysis was applied to
the cavity calculation results in order to provide a statistical
description of their dynamics and occurrence.

Secondary structure analysis was carried out with Sim-
ulaid using the DSSP program [23]. Finally, we used the
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Fig. 1 Sequence alignment and secondary structure comparison as
obtained with Simulaid. Helices are indicated either in green (4-helix)
or in red (3-helix), with capital/lowercase letters corresponding to
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PISQRD web server to analyze the protein internal fluc-
tuations [24]. The used algorithm takes the 10 eigenvectors
with the lowest frequencies and decomposes them into the
motions of quasi-rigid subunits.

3 Results

We simulated the deoxy form of both proteins. It is important
to stress here that in our model of AHb2 the distal histidine
H66 was deliberately left unbound (not bonded) with the
heme iron with the epsilon-N protonated. Thus, AHb2 was
simulated in the pentacoordinate form even if this protein is
known to be mostly present in the hexacoordinate state [25].
This particular choice was aimed at comparing AHb2
structural/dynamical features to those of a mostly pentaco-
ordinated and symbiotic LegHb, excluding the influence of
such a bond and focusing on the intrinsic thermal fluctua-
tions, known to play a fundamental role in ligand migration
and thus respiratory globins functioning [22, 26-28].
Figure 1 shows the sequence alignment and the sec-
ondary structure comparison between AHb2 and LegHb as
obtained with Simulaid [23]. Capital letters from A to H
are used to indicate the presence of that specific residue in
one of the eight expected helices, respectively, when the
secondary structure is maintained for at least 75% of total
simulation time. Lowercase letters have been alternatively
used to indicate a threshold of 50%. Table 1 summarizes
these results including identity, high- and low-similarity
percentage for each of the protein portions. Nine well-
defined regions could be identified with a relatively high
homology rate. Sequence alignment required only five
insertions (AHb2 has five residues more than LegHb), i.e.,
three in the N-terminus tail, one within the relatively long
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residues present is in the helix conformation for more than 75 and
50% of total simulation time, respectively. Asterisk indicates identity;
double and single dots indicate high and low similarity, respectively
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Table 1 Protein regions defined by residues number together with identity and similarity percentages as obtained by alignment and secondary

structure analysis (see Fig. 1)

AHb2 LegHb Number of residues Identity™® Similarity-high** Similarity-low™?

A 7-22 4-19 16 63% (10) 75% (12) 88% (14)
B 26-40 23-37 15 53% (8) 80% (12) 80% (12)
C 41-45 38-42 5 80% (4) 80% (4) 100% (5)
D region 46-60 43-57 15 67% (10) 87% (13) 100% (15)
CD 41-60 38-57 20 70% (14) 85% (17) 100% (20)
E 61-82 58-79 2 64% (14) 82% (18) 91% (20)
EF loop 83-90 80-86 7 57% (4) 71% (5) 71% (5)

F 91-104 87-100 14 50% (7) 79% (11) 93% (13)
G 112-130 108-126 19 58% (11) 84% (16) 84% (16)
H 131-153 127-149 23 57% (13) 74% (17) 96% (22)
All 158 153 153 58% (88) 76% (117) 87% (133)

* number of residues corresponding to the reported percentage is indicated in brackets

® amount of conserved residues

¢ amount of conserved residues plus high-similarity mutations

9 amount of conserved residues plus all similarity mutations (both high and low)

EF loop and one at the C-terminus. The most evident dif-
ference between the two proteins is the relatively low
stability of the first half of the F helix in the LegHb with
respect to AHb2. The EF loop appeared to be more flexible
in the former, the first half of the F helix being almost
unfolded for about half of the total simulation time. It is
also interesting to note that, comparing the two proteins,
the CD region is the most conserved one, which is, indeed,
the only one reaching 100% similarity (Table 1).

Backbone RMSD was calculated without taking into
account, especially in the case of AHb2, the relatively long
and flexible N- and C- termini. Then, in order to perform a
more meaningful comparison between the results obtained
for the two proteins, otherwise referred either to a homology
model (AHb2) or to a X-ray structure (LegHb), we decided
to evaluate the RMSD with respect to a more representative
reference structure extracted from the MD trajectory. A
cluster analysis was applied to all conformers in order to
identify the one with the highest number of neighbors. As the
effective distance, we calculated the weighted sum of (1) the
RMSD from the starting structure, (2) the distance between
the distal histidine (C-alpha) and the iron and (3) the distance
between the CD region (through C-alpha position of residue
54 and 51 for AHb2 and LegHDb, respectively) and the iron.
We anticipate here that these properties have been selected
during the analysis to represent structural determinants
describing the relaxation of the two proteins.

Figure 2 shows the comparison between backbone
RMSD of the two proteins computed for (a) the entire
backbone except the termini, (b) CD region only and
(c) the whole protein except the CD region. LegHb RMSD
was found to be almost constant along the simulation in
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each case, with relatively low fluctuations about ca.
0.1 nm. This clearly indicates that the starting X-ray
structure was actually a good model for LegHb in solution.
On the other hand, AHb2 RMSD fluctuates to a larger
extent. However, RMSD analysis has shown that these
fluctuations are mainly due to some conformational rear-
rangements of the CD region, which, starting from our
model, needed about 50 ns to relax in solution, as shown
by the almost constant RMSD reached during the second
half of the simulation (Fig. 2b). This relaxation time was
comparable to that (of similar conformational rearrange-
ments of the CD region) in LegHb. Indeed, during the first
50 ns, the D region of AHb2 is characterized by a 3-helix
conformation starting from residue 55 (Fig. S1), resem-
bling, for instance, the D-helix of myoglobin or hemoglo-
bin f subunits, which is lost upon CD region relaxation.

The residue RMSFs support these results too (Fig. 3).
As expected, AHb2 shows higher fluctuations at the termini
than LegHb. The EF loop and the first part of F helix are
the regions with the highest fluctuations in LegHb, in
agreement with secondary structure analysis. Even more
important, as shown by backbone RMSD analysis, AHb2
shows higher fluctuations in the CD region than LegHb. It
is also interesting to note that these differences can be also
seen when RMSF is calculated for the second half of the
simulations (Fig. S2), i.e., even if CD region of AHb2 has
relaxed (Fig. 2), this protein region has higher flexibility
than that observed for LegHb.

Relaxation of the CD region in AHb2 results in the
entire distal portion of the protein being more flexible and
mobile. In a concerted fashion, the CD region unfolded and
extended toward the solvent, and moved away from the
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Fig. 2 Backbone RMSD calculated with respect to the conformer
with the highest number of neighbors for a the entire backbone except
the termini, b CD region only, and ¢ the whole backbone except the
CD region and the termini. Blocks averages computed for 10 ns long
blocks are also shown

distal heme region, as shown in Fig. 4a by the changes in
the distance between residue 54 (located in the middle of
the CD region) and the heme iron, and by the changes
in the CD backbone RMSD during the same MD simula-
tion. The last part of the C helix and the first part of the E
helix tended to approach each other, reaching an almost
constant distance (between Cos of residue 47 and 62)
during the CD region relaxation (Fig. 4b). Figure 4c shows
the correlation between these two distances. Finally, these
motions influence also the distance between the distal
histidine (residue 66) and the heme iron as shown in
Fig. 4d, resulting in the distal region for AHb2 being more
compact than found for the symbiotic LegHb. This is
particularly evident when comparing the distribution of this
distance for the two proteins under investigation (Fig. 5).
Application of the PiSQRD server [24], using the same
more representative structure as in the RMSD calculations,

AHb2
LegHb

0.25

0.15

RMSF (nm)

0.05 4V \J

Fig. 3 Residue RMSFs calculated from Co coordinates. Residue
numbers correspond to AHb2 amino acids sequence, while LegHb has
been aligned with respect to the latter on the basis of Fig. 1

revealed that both proteins can be divided into three main
domains, defined as protein regions whose collective
motions reproduce 80% of the motion of the 10 lowest
eigenvectors. Figure 6 shows the 3D structure of both AHb2
and LegHb where these domains are differently colored.
Interestingly, both proteins are characterized by a well-
defined CD region, which, as expected, is correlated with
the distal one, the beginning of the E-helix and to the
B-helix (red in Fig. 6). However, while LegHb shows a
proximal domain (yellow) distinguishable from the other
domain comprising the A-helix, the second half of the
E- and G- helices, and the first half of the H one (blue),
AHD?2 present a unique main central domain (blue) plus the
two relatively long termini (yellow and orange). Intriguing
differences have been also found through the cavities
analysis. As described in the computational details, VOI-
DOO [20] has been employed to look for internal voids in
all conformers recorded every 30 ps along the two simula-
tions and to estimate their volumes and positions. Finally, a
cluster analysis with respect to their position inside the
protein was applied to all the cavities, allowing for their
classification in terms of occurrence and average volume. In
Fig. 6, the cavities with a minimum occurrence of 40% are
shown as spheres, whose volumes are equal to the average
values found with the cluster analysis. Occurrence and
average volumes of these main cavities are reported in
Fig. 7. Both proteins do not have relatively high occurring
cavities on the proximal side of the heme group while all of
the main voids are localized on the distal one, the CD region
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and close to G and H helices. The most interesting differ-
ence is the absence of a distal pocket in the AHb2, in
agreement, as mentioned, with a more compact distal region
compared to LegHb, which, on the contrary, has the distal
pocket as the most occurring and large cavity. Definitely,
the latter appears to be more similar to myoglobin, having
also two of the main cavities corresponding to the so-called
Xe4 cavity (between B and G helices) and to the apical site
(between B-helix and the CD loop) [22, 29]. A more
detailed inspection of the distal pocket residues revealed
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time (ns)

that while myoglobin has the 29L(B10) separating the
active site from the so-called Xe4 cavity, both AHb2 and
LegHb have the larger phenylalanine, 33F(B8) and
30F(B8), respectively. Almost 60 years of research on
myoglobins, both experimental and computational, led to
identify a significant number of key residues shown to be
relevant to the protein functions [22, 28, 30-35]. Among
them, the B10 residue has been shown to play a fundamental
role in ligand migration kinetics. In particular, (1) it acts as a
physical barrier as the ligand enters/exits the protein from
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Fig. 5 Comparison between the distribution of distance between
distal histidine Co from the iron, calculated for AHb2 and LegHb

the distal pocket [33]; (2) its mutation can lead to significant
changes in the overall binding kinetic rate [35] inhibiting the
ligand entrance inside the protein [32]; and (3) mutations of
the B10 residue show stronger effects than mutations of the
distal histidine itself [35]. Definitely, it was found that
geminate ligand recombination and thermal dissociation
rates have an opposite correlation with the size of this par-
ticular residue, confirming that this residue plays a crucial
role in both ligand escape to the solvent and migration
inside the protein [35]. Even if, as mentioned, both AHb2
and LegHb have a Phe instead of a Leu at the level of the
gate separating the distal pocket from the Xe4 cavity, the
present work revealed intriguing differences between these
two plant hemoglobins as far as the side chain fluctuations
of this fundamental residue. The 30F of LegHb has the side

Fig. 6 3D structure of a AHb2
and b LegHb with differently
colored domains as found with
the PiQSRD. The green spheres
represent the most occurring
cavities (>40%) found with a
cluster analysis performed on
VOIDOO results (see Fig. 7).
Regions labels are reported,
according to Fig. 1

chain oriented toward the heme iron, i.e., acting as a barrier
between the active site and the inner Xe4 cavity. On the
other hand, due to the more compact distal region found in
our model of pentacoordinate deoxy-AHb2, the 33F side
chain moved far from the distal pocket upon the above
described structure relaxation, pointing toward the G-helix
and allowing the E-helix and the C- one to come closer. The
presence of a phenylalanine at that position and the fact that
it is oriented internally seems to favor the ligand internal
trapping in AHb1, as shown by FTIR spectroscopy upon
mutation Phe->Leu [36]. On the contrary, AHb2 does not
show any ligand internal trapping, in agreement with our
simulations that predict the outward orientation of 33F.
Finally, as described in the Methods, deoxy-AHb2
molecular dynamics was run for an additional 220 ns in
order to investigate backbone fluctuations excluding the first
part of the MD where, as discussed hereinbefore, protein
relaxation was predominant. Moreover, the deoxy-AHb2-1a
mutant was prepared on the basis of the AHb2 3D structure
and amino acids sequence, except for the CD region (from
residue 41 to 60). The latter was mutated, indeed, in order to
have exactly the same sequence as in the Leg-Hb. Simula-
tion of this mutant was aimed at checking whether the CD
region dynamics depends mainly on the primary sequence of
the region itself or upon the particular protein model
employed. Comparison of these two simulations with that of
LegHDb supported the discussion presented above, the most
interesting and significant results coming from the RMSF
shown in Fig. 8. The AHb2 wild-type shows higher fluctu-
ations in the CD region than LegHb as already observed,
while the EF loop and the first part of F helix are the regions
with the highest fluctuations in the latter. Interestingly, while
the AHb2-1a mutant RMSF profile closely matches the wild-
type one from the N-terminus to approximately the first half
of the B-helix, as well as from the second half of the E-helix
till the C-terminus, fluctuations of the mutated region fol-
lows the same trend observed for the LegHb. Furthermore, a
closer inspection of the data reveals that this similarity of CD
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Fig. 8 Residues RMSF calculated from Ca coordinates. Residue
numbers correspond to AHb2 amino acids sequence, while LegHb has
been aligned with respect to the latter on the basis of Fig. 1. AHb2
RMSF have been computed from a second MD in order to eliminate
relaxation contributions. LegHb data are exactly the same as in Fig. 3.
AHb2-1a is the AHb2 mutant built in order to have exactly the same
CD region as in the LegHb. The three data sets have been normalized

region dynamics between AHb2-1a mutant and LegHb is
actually not restricted to the six mutations, but is observed
from the second half of the B-helix to the beginning of the E-
one, which is exactly one of the domains identified by the
PiSQRD application.

4 Summary and conclusions

Interesting structural and dynamical differences emerged
from the present study. While the symbiotic LegHb, which
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bin, AHb2 presents remarkable differences. It is known to
be mainly present in the hexacoordinate form; however, we
wanted to investigate it in the pentacoordinate deoxy-form
in order to directly compare the results to those obtained on
LegHb. Even in the absence of the covalent bond between
the distal histidine and the heme iron, AHb2 structure
relaxed bringing the E-helix, thus the distal histidine, closer
to the heme itself than observed for LegHb. It seems that
AHb2 has actually an intrinsic tendency to fold with a
relatively compact distal region as shown by the absence of
the distal pocket. The present investigation suggests that
this state cannot be reached if the CD region does not
unfold and extend away from the heme, pointing out a
strong correlation between the CD and the distal region
dynamics, also confirmed by PiSQRD analysis.

Recent FTIR vibrational spectroscopic analysis supports
this correlation [36]. As reported, the higher flexibility of
the CD region in the AHb2, with respect to the mostly
pentacoordinate AHb1, suggests a piston-like movement for
the helix E, allowing the distal histidine binding to the iron.
Furthermore, the compact structure of AHb2 does not favor
the access of ligands to secondary sites after photolysis [36],
in agreement with our results on the internal cavities, i.e.,
the existence of internal voids with a very low occurrence
compared to LegHb, while the difference on the average
volumes is negligible. The difficulty for the highly compact
AHD?2 fold to create permanent internal cavities could also
influence ligands escape, which is known to be regulated by
protein fluctuations, as shown by ligand rebinding kinetics
upon proteins encapsulation in silica gels [13].

CD region has been also shown to have a deep influence
on the heme retention and folding stability [37] in globins
with possible implications of its hydration state [29]. Other
careful investigations are needed to shed light on this issue,
but, from the present work, the structure and dynamics of
the CD region appeared to be dramatically different when a
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hexacoordinate plant Hb such as AHb2 has been compared
to the pentacoordinate LegHb. This is certainly one of the
protein portions to look at when facing with the evolution-
ary transition from hexa- to pentacoordinate Hb in plants.

Another very interesting difference between these two
plant hemoglobins has been found at the level of the gate
separating the distal pocket from the inner Xe4 cavity. In
particular, the side chain of 30F resulted to be oriented
toward the heme iron, closely resembling the B10 residue
of myoglobin, acting as a barrier between the two sites and
strongly affecting ligands binding and migration kinetics.
On the other hand, in the AHb2, the 33F side chain moved
far from the distal pocket upon the above described
structure relaxation, contributing to the more compact fold
of the distal region. This is in agreement with the absence
of internal ligand docking sites for AHb2, as shown by
FTIR spectroscopy [36].

Altogether, the results of the present work point out a
specific protein region (and particular key residues) as one
of the main structural/dynamical differences between the
hexa- and the pentacoordinate hemoglobin investigated.
AHb2, which belongs to the former, presents a really
dynamic CD region correlated with a more tight distal
portion, suggesting that ligands might hardly come in/out of
the protein interior from the widely cited histidine gate [38].
Probably, ligands might enter this kind of globins using
some other routes as also suggested by the different orien-
tation found for the 33F side chain. AHb2’s tighter global
folding possibly indicates a structure more prone to ligands
sequestering than delivering, even if specifically devoted
studies should be needed to prove this point. On the other
hand, the pentacoordinate globins, like LegHb and myo-
globin, are known to be oxygen-transporting proteins [39].
From the present comparative study, the less flexible CD
region (but we cannot exclude other concomitant factors
that need further studies to be unveiled) seems to be one of
the main factors hindering the distal region to collapse,
keeping the distal histidine sufficiently far from the heme
iron to host a ligand, and leaving the distal region itself more
free to fluctuate, which is fundamental to exert the desired
role of an oxygen storage as well as delivery system [11].
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