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Abstract: Heme proteins are found in all living organisms and are capable of performing a wide variety of
tasks, requiring in many cases the binding of diatomic ligands, namely, O2, CO, and/or NO. Therefore,
subtle regulation of these diatomic ligands’ affinity is one of the key issues for determining a heme protein’s
function. This regulation is achieved through direct H-bond interactions between the bound ligand and the
protein, and by subtle tuning of the intrinsic heme group reactivity. In this work, we present an investigation
of the proximal regulation of oxygen affinity in Fe(II) histidine coordinated heme proteins by means of
computer simulation. Density functional theory calculations on heme model systems are used to analyze
three proximal effects: charge donation, rotational position, and distance to the heme porphyrin plane of
the proximal histidine. In addition, hybrid quantum-classical (QM-MM) calculations were performed in two
representative proteins: myoglobin and leghemoglobin. Our results show that all three effects are capable
of tuning the Fe-O2 bond strength in a cooperative way, consistently with the experimental data on oxygen
affinity. The proximal effects described herein could operate in a large variety of O2-binding heme proteinss

in combination with distal effectssand are essential to understand the factors determining a heme protein’s
O2 affinity.

Introduction

Heme proteins, the family of proteins containing the iron
protoporphyrin (heme) cofactor, are found in all living organ-
isms.1,2 They perform a wide variety of tasks ranging from
electron transport3 and oxidation of organic molecules4 to the
sensing and transport of small gaseous molecules, namely, O2,
CO, and NO.5 Out of these three ligands, O2 is the most
abundant and, at the same time, the one with the lowest affinity
for free heme.5,6 The subtle regulation of oxygen affinity is
therefore one of the key issues for determining a heme protein’s
function. In most heme proteins, the active siteswhere the
oxygen can be boundsconsists of a cavity on top of the heme
group, known as the distal pocket. The iron atom is coordinated
equatorially to the four nitrogens of the porphyrin macrocycle
and axially to a fifth or proximal ligand under the heme ring,
typically a histidine (His), cysteine (Cys), or tyrosine (Tyr)
residue (Figure 1). Heme proteins that bind and transport oxygen
(i.e., the classical globins, hemoglobin, and myoglobin)7 possess

the iron mainly in a pentacoordinated (5c) ferrous FeII high-
spin configuration.8

Understanding environmental effects on the protein’s affinity
for oxygen has been a subject of great interest for many years.9,10

Many theoretical11,12 and experimental6,13,14 works have been
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Figure 1. Oxygen binding site in Fe(II) histidine coordinated heme proteins.
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devoted to the investigation of distal effects, namely, the
stabilization of bound oxygen by H-bond interactions with
H-donor residues in the distal cavity.6 Usually, histidine,
glutamine, tyrosine, or a combination of these residues13,15found
in the distal cavity perform this task. Consistently, a negative
correlation between the electrostatic field in the distal cavity
(determined mainly by the number and position of the H-bond
donor groups) and the O2 dissociation rate has been found in
many heme proteins.12 However, there are cases in which O2

affinities do not follow the expected trends corresponding to
the characteristics of the distal cavity. The paradigmatic
examples of this behavior are the leghemoglobins.16

Leghemoglobins are monomeric heme protein members of
the globin superfamily, found in the root nodules of leguminous
plants that participate in nitrogen fixation.1 It has been proposed
that leghemoglobins’ function is to facilitate oxygen diffusion
from the root to the aerobes inside the nodule. As in mammalian
globins, such as myoglobin (Mb), leghemoglobins present a
histidine residue in the distal cavity. Unexpectedly and contrary
to what is observed in Mb, site-directed mutagenesis studies
showed that in soybean leghemoglobin (Lba) this residue does
not significantly contribute to O2 stabilization.16 Changing the
distal histidine (HisE7) in Mb to non-H-bonding residues
increases the dissociation rate constant more than 100-fold in
all cases, whereas the same mutants in Lba have little (5-fold
increase) or no effect. Still, the oxygen affinity displayed by
Lba is even larger than the one observed in Mb, as evidenced
from its smaller dissociation constant (koff values of 5.6 and 15
s-1 for Lba and Mb, respectively).1

Possible causes for the unusual results mentioned above are
proximal effects that could also modulate the oxygen affinity.17

These effects may be due to the charge relay mechanism18 and/
or to the rotational position of the proximal histidine.19 The
charge relay mechanism consists of the hydrogen bonding
network that tunes the basicity of the proximal histidine and
therefore modulates its charge transfer capacity to the iron,20

which in turn stabilizes the iron oxygen bond throughπ-back-
donation from the iron.21 The rotational position of the histidine,
defined as the position of the plane containing the imidazole
group of the proximal histidine relative to the line that goes
through two opposite pyrrolic nitrogens, has also been proposed
as an O2 bond modulation mechanism. If the plane is aligned
with this line, the conformation is called “eclipsed”, but if it
forms an angle of 45°, it is called “staggered” (see Figure 2).
X-ray crystallography of both heme proteins showed that, in
Mb, the imidazole ring is in the eclipsed conformation,22 while
in Lba, it is closer to the staggered conformation.23 This fact
has been hypothesized to enhance ligand affinity through the

proximal side for Lba and not for Mb.17 In order to support
this hypothesis, mutants in which the proximal histidine is
changed to glycine and imidazole is added to occupy the
proximal position were performed. The mutant proteins dis-
played a∼3-fold increase in thekoff for Lba and a∼3-fold
decrease for Mb.17

In addition, a third, but up to now, neglected mechanism for
proximal regulation of oxygen affinity could be the control of
the distance between the proximal histidine and the Fe of the
heme group. In heme proteins, the proximal histidine is anchored
to the protein scaffold through the covalent CR-Câ bond and
also through H-bond interactions, as mentioned above. Through
these interactions, the protein is able to constrain the position
of the histidine relative to the heme group and, therefore,
modulate oxygen affinity.

In this work, we have characterized the proximal affinity
regulation mechanism operative in heme proteins by means of
density functional theory (DFT) calculations on porphyrin model
systems. We analyzed the three main factors controlling
proximal regulation: the charge relay mechanism, the proximal
histidine rotational position, and the distance between the
proximal histidine and the Fe atom. In addition, we have also
performed hybrid quantum-classical (QM-MM) calculations of
oxygen affinity for wild-type and selected mutants of Mb and
Lba to provide a complete picture of oxygen affinity modulation
through proximal effects.

Computational Methods

In order to characterize the proximal affinity regulation effects, we
have performed QM and QM-MM calculations of the O2 binding energy
(∆EO2), which is defined as

whereEHeme-O2 is the energy of the oxy heme complex,EHeme is the
energy of the free heme group, andEO2 is the energy of the isolated
oxygen molecule. The ferrous O2 complex was treated as a low spin
singlet state, which is known to be the ground state for this system.
The ferrous unbound pentacoordinated heme group was treated as a
high-spin quintuplet state.8 For clarity purposes, in some cases, the O2

binding energy of a selected constrained conformation is given using
the equilibrium binding energy as a reference. We named this relative
energy∆Ecomp.
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Figure 2. Histidine rotational position: (A) eclipsed and (B) staggered.
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In the first place, we investigated the charge relay mechanism by
comparing the O2 binding energies for four selected model systems.
These model systems include the Fe-porphyrin group with an imidazole
ring bound to the Fe by the Nε, representing the proximal His. Three
of them also included different additional moieties, which interact with
theδ-hydrogen of histidine, as depicted in Figure 3a-c. These chosen
ligands, which span a wide range in H-bonding capacity, mimic the
proximal sites of Fix-L,24 hemoglobinâ subunit (Hbâ),25 and horse
radish peroxidase (Hrp),26 respectively. In the Fix-L model, we included
a water molecule that establishes a H-bond with the His and an
acetamide molecule. In Hbâ, the H-bond is formed with an amide
carbonyl group, and in Hrp, we included an acetate group and a phenol
molecule. In the three cases, the heavy atoms of the extra groups were
fixed during the simulations, in order to maintain the original protein’s
conformation. The use of diffuse functions is known to be important
in the description of H-bond interactions.27 In order to analyze the effect
of the inclusion of diffuse functions in the observed trends, we
recalculated the O2 binding energy for the three model systems, adding
diffuse functions for nitrogen, oxygen, and hydrogen atoms. More
computational details can be found in the Supporting Information.

In the second place, we have investigated the role of the proximal
histidine rotational position on the O2 affinity, by calculating the O2
binding energies for staggered and eclipsed histidine conformations
(Figure 2). The calculations were performed in two different model
systems, one including the Fe-porphyrin group and an imidazole group
coordinated by the Nε to the Fe (representing the proximal histidine),
and another adding an acetone molecule coordinated to theδ-hydrogen
of histidine. We have computed the O2 affinity for both conformations
by restraining the dihedral angle to the desired value.28

In order to investigate the influence of possible restraints on the
distance between the proximal histidine and the Fe atom, we have
performed QM calculations of the O2 binding energy as a function of
the distance between the proximal histidine and the porphyrin plane.
The model system used in this case was a Fe-porphyrin group and an
imidazole group. The calculations were performed by calculating the
O2 binding energy for fixed distances between the Nε of the imidazole
and the porphyrin plane defined as the center of the fourNPorphyrin atoms

coordinated to the Fe atom. The Fe atom was free to move during the
simulations. We computed alsoEO2 at the Fe-His equilibrium distance
(i.e., the fully optimized model) as a reference.

In all cases, the QM calculations were performed at the density
functional theory (DFT) level with the SIESTA code.29 DFT methods,
including the SIESTA code, have shown an excellent performance for
medium and large systems and have also proven to be appropriate for
biomolecules and, specifically, for heme models.8,30-32 The use of
standard norm-conserving pseudopotentials33 avoids the computation
of core electrons, smoothing at the same time the valence charge density.
In our study, the nonlinear partial-core correction34 is applied to the
iron atom. Basis functions consist of localized (numerical) pseudoatomic
orbitals, projected on a real space grid to compute the Hartree potential
and exchange correlation potentials’ matrix elements. For all atoms,
basis sets of double plus polarization quality were employed, with a
pseudoatomic orbital energy shift of 25 meV and a grid cutoff of 150
Ry.29 Calculations were performed using the generalized gradient
approximation functional proposed by Perdew, Burke, and Ernzerhof.35

This combination of functional and basis sets has been already validated
for heme models.31,32

Finally, in order to provide a more complete picture of oxygen
affinity modulation through proximal effects, we performed QM-MM
calculations on myoglobin and leghemoglobin. For both proteins, we
calculated the O2 binding energy for the wild-type proteins and three
mutants: the distal mutant HisE7xGly, the proximal mutant HisF8xGly,
in which we have included an imidazole coordinated to the heme moiety
and the double mutant HisE7xGly and HisF8xGly (plus imidazole).
The mutant proteins were constructed in silico. In these complex
systems, predictions based on total potential energy differences may
present flaws because motions in regions distant to the active site during
minimizations may affect significantly the energy.36 This is a key issue
in our problem since the differences in O2 affinity due to proximal
effects are very small, as evidenced in the small differences in thekoff

values obtained by site-directed mutagenesis experiments in Lba and
Mb. In order to analyze the structural trends, we have performed full
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Figure 3. Model systems representing (A) Fix-L, (B) Hbâ, and (C) Hrp.
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QM-MM optimizations of the oxygenated proteins. In addition, and in
order to estimate trends in the proximal effects, we have performed
calculations of the vertical O2 binding energy, defined as the difference
between the QM-MM fully optimized oxy conformation and the deoxy
structure frozen at the same geometry plus O2 energies. The mutant
O2 binding energies are reported using the wild-type proteins as the
reference.

We constructed initial structures for our calculations from the
structures of the oxygenated Mb and Lba (PDB codes 2MGM22 and
1BIN,23 respectively). Histidine protonation was assigned favoring
H-bond formation. The systems were solvated with water molecules
up to a distance of 30 Å of the heme center. All classical simulations
were performed with the Amber8 package.37 The whole systems were
heated to 300 K, and a 500 ps molecular dynamics was performed to
allow them to relax and equilibrate. Then the systems were cooled
slowly to 0 K. The root-mean-square deviation (rmsd) of both proteins
with respect to the X-ray structure resulted less than 1 Å during the
MD simulations, indicating that the protein has not undergone any
significant deviation from the original RX structure and that a
reasonably good equilibration has been achieved. Full hybrid QM-MM
geometry optimizations of the oxygenated wild-type and mutant proteins
were performed using a conjugate gradient algorithm, using our own
QM-MM implementation on the SIESTA code.28 Only residues located
less than 12 Å apart from the catalytic iron center were allowed to
move freely. In order to obtain the vertical O2 binding energy, we
calculated the deoxygenated proteins frozen in the optimized oxygenated
conformation. The QM subsystems were treated at the DFT level as
described above, whereas the classical subsystems were treated using
the Amber99 force field parametrization.38 We have selected the iron
porphyrinate plus the axial ligands as the quantum subsystem. The rest
of the protein unit mentioned above and the water molecules were
treated classically. The frontier between the QM and MM portions of
the system has been treated by the scaled position link atom method.39

Link atoms have been used in the proximal histidine to separate the
QM-treated imidazole ring from the backbone of the amino acids and
to separate the core of the porphyrin from its side chains.

Results and Discussion

As mentioned above, we analyzed the three different proximal
effects related to the regulation of oxygen affinity in heme
proteins. The O2 binding energy (∆EO2) values are related to
the experimental dissociation rate constants (koff).6 In this
context, the comparative oxygen binding energy (∆Ecomp)
provides an estimation of the relative oxygen affinity between
the systems under comparison. We studied carefully selected

model systems which allowed us to obtain quantitative informa-
tion on oxygen affinity for the three effects mentioned.

Contribution from the Charge Relay Mechanism. In a
previous work, we showed that the strength of the H-bond
between the Hδ of the proximal histidine and the charge donated
by the His to the Fe are positively correlated. Thus, as the
strength of the H-bond increases, the His is able to donate more
charge to the Fe atom.32 In our calculations, the amount of
charge donated by the proximal His can be monitored by
analyzing the resulting Mulliken populations for the imidazole
group in the complex. Furthermore, the Mulliken populations
of coordinated O2 show the amount of charge received by the
oxygen throughπ-backdonation.32 In order to analyze how the
proximal His charge donation affects the oxygen affinity, we
calculated the binding energy for three different model systems,
as explained previously, in which the strength of the H-bond
was different. Experimentally, the strength of the His-Fe bond
(an indicator of the degree of charge donation from His to the
iron) can be estimated from the His-Fe stretching frequency
value32 and the Fe-O bond strength from the Fe-O2 stretching
frequency in the Fe(II)-O2 complexes.

In Table 1, we present our calculations for the oxygen binding
energy, the charge donated by the proximal imidazole, and the
charge received by the O2 for each protein model, together with
the experimentally determined values forνFe-His andνFe-
O2 for the corresponding proteins and an O2-porphyrin-
imidazole complex. The results presented in Table 1 show that,
as expected, when the hydrogen bond strength is increased
(going down in Table 1), the charge donated by the histidine,
the Fe-His bond strength (measured by theνFe-His), and the
charge received by the oxygen are increased concomitantly.
However, the relationship between∆EO2 and the Nδ-H-bond
strength is not simple. The results for∆EO2 show that the affinity
for oxygen has a maximum value when the strength of the
hydrogen bond is intermediate, as that of a carbonyl H-bond
acceptor. These results are fully consistent with the experimental
data (νFe-O2) that show the same trend. This behavior can be
explained in terms of a balance between the two oxygen-iron
bonding effects (σ-donation andπ-backdonation). The oxygen
has a moderateσ-donation capacity and is a very good
π-acceptor. As mentioned above, increasing the H-bond strength
increases the charge available in the iron porphyrin system, and
this is translated in more efficientπ-backdonation (the O2
becomes more negative) that increases the strength of the Fe-O
bond. On the other hand, more charge in the iron porphyrin
system reduces theσ-donation from the oxygen, weakening the
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Table 1. Calculated Oxygen Affinities (∆EO2), Charge Received by
the O2 (∆qO2) and Donated by the Imidazole Group Plus the Extra
Groups of Each Model, When Corresponding (∆qprox), and
Experimental Fe-O2 and Fe-His Raman Frequencies

∆EO2

(kcal/mol)
∆qO2

(e)
∆qprox

(e)
∆EO2

a

(kcal/mol)
νFe−His
(cm-1)

νFe−O2

(cm-1)

isolated
heme-imidazole
complex

22.2 -0.202 0.158 22.9 209b 564b

Fix-L40 22.0 -0.197 0.160 22.7 210 569
Hbâ41 24.7 -0.248 0.200 25.3 220 572
Hrp42 18.5 -0.259 0.325 19.2 241 559

a Values calculated using an extended basis (see Computational Methods.)
b Data taken from (2MI)FeII-O2(TPIVPP),21 which is an isolated heme-
imidazole model.
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Fe-O bond. The balance of these opposing effects will
determine the final Fe-O bond strength and the∆EO2. From
our results, it is evident that a carbonyl group as the proximal
H-bond acceptor displays the optimal interaction that maximizes
the benefits from both effects. It is interesting to note that
proteins involved in oxygen transport (Mb, Hb, Lba, and several
truncated hemoglobins) display carbonyl groups interacting with
the proximal histidine. Last, as can be noted in Table 1, the use
of the extended basis does not affect significantly the observed
trends.

Contribution from the Proximal Histidine Conformation.
On the basis of the previous results that show the importance
of H-bonding to the proximal histidine in determining O2 affinity
and in order to analyze the contribution of the His conformation,
we calculated the oxygen affinity for two model systems (with
and without a carbonyl H-bond to the Nδ) for the staggered
and eclipsed conformations. The results are presented in Table
2. As we can see, there is a small difference (only+1 kcal/
mol) between the staggered and the eclipsed configurations when
the model system does not exhibit H-bond interactions. On the
other hand, in the case in which a typical H-bond interaction is
present, the difference favoring the staggered conformation is
enhanced to 3 kcal/mol. This shows that proximal effects are
not independent and that cooperative or synergistic effects can
be expected.

Effect of the Fe-His Distance.To analyze the effect of the
Fe-His distance on the oxygen affinity, we employed a model
system consisting of a heme group with an imidazole ring
coordinated by the Nε to the Fe. We then calculated the oxygen
affinity as a function of the distance between the Nε of the
proximal histidine and the porphyrin plane. A plot of the
differences of the binding energy compared to the equilibrium
distance value (∆Ecomp) against the Fe-His distance corre-
sponding to each optimization is shown in Figure 4. The results
show that the oxygen binding energy increases (up to 1.5 kcal/
mol) when the His distance is constrained to smaller values than
the optimal nonconstrained value (2.12 Å), and that the binding
energy decreases when the histidine is pulled away.

QM-MM Oxygen Affinity Calculation on Myoglobin and
Leghemoglobin Wild-type and Mutants.The results presented
in this work show that the three effects under study are operative
in the modulation of oxygen affinity in heme proteins. The
protein environment of the proximal histidine will determine
the net effects, which may be decomposed in H-bond interac-
tions to the proximal His, rotational position of proximal His,
and Fe-His bond distance. As already mentioned in the
Introduction, one paradigmatic case for proximal oxygen affinity
regulation is Lba. Therefore, to further validate our conclusions
in a more realistic system, we performed QM-MM calculations

on the relative oxygen binding energy of Lba and Mb. Relevant
geometrical parameters for the QM-MM-optimized structures
of the oxy proteins are shown in Table 3.

Visual inspection of the proximal environment shows that in
Lba the Nδ of the proximal histidine residue establishes a
hydrogen bond with the carbonyl of LeuF4. In Mb, in addition
to the CO-LeuF4, Nδ also interacts with the OH of SerF7 (see
Figure 5). The experimental values for the Fe-His stretching
frequencies indicate an intermediate degree of charge relay from
the histidine to the iron in both proteins. In Lba and Mb, the
imidazole ring of the proximal histidine is attached to the protein
by three sites: the covalent bond through histidine-Câ, the
H-bond interactions through its Nδ, and by coordination to the
metal center. The relative position of these anchor points in the
protein framework therefore determines the histidine rotational
position and its distance to the porphyrin plane.Τhe optimized
structure reveals that in Lba the proximal histidine is in an
optimal orientation for increasing O2 affinity, which is evidenced
by its relatively staggered rotational position and shorter Fe-
His distance. On the other hand, in Mb, the histidine displays
an eclipsed rotational position and a longer Fe-His distance.
On the basis of the structural data, it is expected that in Lba the
proximal effect has a notable positive influence on oxygen
affinity, whereas an opposite effect is observed in Mb.

Distal cavities in Mb and Lba present important differences,
too. Although in both cases there is a His residue (HisE7) close
to the bound O2, it has been shown experimentally that mutation
of HisE7xGly in Mb produces an important increase of the
dissociation constant (∼240-fold), while in Lba, it remains
almost invariant.16 This fact was proposed to be due to the
presence of TyrB10 in Lba. The formation of a H-bond between
the OH (TyrB10) and Nδ of HisE7 leaves the His residue in a
difficult position to stabilize the O2. Therefore, the distal His is
only allowed to establish a weak H-bond with the O1 atom of
the O2. This role of TyrB10 in sequestering the distal histidine
has already been suggested based on experimental observa-
tions.16 On the other hand, in Mb, this position is occupied by
a Leu residue (not shown in Figure 5) which is not able to
produce this effect, so that HisE7 stabilizes the O2 by a strong
H-bond interaction with the O2 atom of the bound ligand.

To gain some insight into distal effects, we calculated the
distal HisE7xGly mutants for Lba and Mb. The results confirm
the fact that distal stabilization is more important in Mb47 than
in Lba.16 The decrease in the estimated oxygen binding energy
barriers is about 7 and 3 kcal/mol for Mb and Lba, respectively.

Table 2. Geometrical Parameters and Oxygen Affinities for the
Staggered and Eclipsed Model Systems, with and without a
H-Bond Acceptor. Distances in Angstroms, Angles in Degrees,
Energies in kcal/mol

Without H-Bond Acceptor With H-bond Acceptor

eclipsed staggered eclipsed staggered

d Fe-O 1.774 1.777 1.777 1.846
d O-O 1.288 1.288 1.290 1.293
∠Fe-O-O 121.8 121.7 121.6 119.3
d Fe-NεProx.His 2.139 2.119 2.133 2.122
∆EO2 21.6 22.6 21.4 24.5

Figure 4. Effect of the Fe-His distance on oxygen affinity.
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Interestingly, in the HisE7xGly Mb mutant, the Fe-O distance
is reduced to∼0.08 Å in HisE7xGly mutant compared to the
wild-type protein, probably due to the loss of the strong H-bond
interaction between O2 and HisE7.

In order to quantify the proximal effects observed in Lba and
Mb, we calculated the mutant protein HisF8xGly, in which we
added an external imidazole coordinated to the Fe. This mutation
has been obtained previously experimentally and led to a∼3-
fold increase in thekoff for Lba, while a∼3-fold decrease was
observed for Mb.17 The results presented in Table 3 show that
indeed in Lba the mutation leads to a change in the dihedral
angle so that now the histidine is closer to an eclipsed
conformation. On the other hand, the Fe-His distance remains
almost constant, while the hydrogen bond distance of the Hδ-
HisF8 with CO-LeuF4 reduces to about 0.1 Å. These results
show that the imidazole of the proximal histidine is forced by
the covalent attachment to the protein to be in a more favorable
dihedral angle for oxygen binding, and when the covalent
restraint is eliminated, the dihedral angle changes to a more
eclipsed position, less favorable for O2 binding but with a closer
H-bond interaction. However, this covalent bond to the protein
is not responsible for the very short Fe-His distance, as
evidenced in the still very short Fe-His distance in the mutant
protein. This last effect could be due to the strong proximal
H-Bond with LeuF4 that fixes the His position very close to

the heme forcing the Fe-His distance to be about 0.08 Å shorter
than that in the equilibrium distance for the isolated oxy
complex. Summarizing the above, the proximal mutation leads
to a rotation of the imidazole ring but does not affect the Fe-
His distance. On the basis of the structural analysis, it is expected
that the∆E for oxygen release in HisF8xGly+ imidazole (Lba)
should be slightly lower than that for the wild-type protein.
Consistently with this structural data and the experimentalkoff

values, a reduction of 1.6 kcal/mol in the oxygen binding energy
was obtained for this mutant protein compared to that of the
wild-type protein. In the case of Mb, as expected, the proximal
mutation allows the proximal histidine to accommodate in a
more favorable position for oxygen binding, which is observed
in the reduction of Fe-His distance and in the rotational position
of the proximal histidine, which becomes closer to the staggered
conformation. As expected, the oxygen binding energy is now
increased by 1.4 kcal/mol.

Finally, in order to check if the proximal effects are also
operative in the absence of strong distal interactions, we
calculated the double mutants HisE7xGly and His F8xGly+
imidazole. In Mb, a low oxygen affinity is expected since distal
stabilization is not present. However, due to the proximal
mutation, the proximal histidine position is more favorable for
oxygen binding, and the decrease in the O2 binding energy is
only 4.7 kcal/mol (compared to the 7.1 reduction in the distal
mutant). In Lba, the opposite situation is obtained, and the
binding energy is reduced by 6.5 kcal/mol (compared to the
3.1 reduction in the distal mutant). The structural trend in the
imidazole rotational position and imidazole-iron distance is the
same as that observed for the wild-type and HisF8 proximal
mutant proteins discussed above.

Conclusions

Biological Implications. The Lba Case. Why is the O2

affinity larger in Lba than in Mb, even when in Mb the distal
stabilization is important and in Lba it is not? A possible answer
to this question comes from an analysis of the relevant structural
parameters for the QM-MM-optimized proteins. First, the Fe-
His distance in Lba is small, almost 0.1 Å shorter than the

Table 3. Geometrical Parameters, Charges Received by the O2 (∆qO2) and Donated by the Proximal Imidazole (∆qIm.), and O2 Relative
Vertical Binding Energies (∆(∆EO2)) for Wild-type and Mutants for the Oxy Complexes and of Wild-type and Mutants of Mb and Lba. Values
in Parentheses Correspond to the RX Structure of Wild-type (wt) Mb.22 Distances in Angstroms, Angles in Degrees, Charges in e, Energies
in kcal/mol.

Myoglobin Leghemoglobin

wt HisE7xGly HisF8xGly + Im. double mutant wt HisE7xGly HisF8xGly + Im. double mutant

d Fe-O 1.840 1.762 1.832 1.827 1.839 1.844 1.834 1.840
(1.935)

d O-O 1.297 1.285 1.299 1.285 1.301 1.294 1.300 1.292
(1.223)

∠Fe-O-O 120.9 123.2 122.8 120.6 121.4 121.8 121.6 121.6
(118.2)

∆qO2 -0.214 -0.219 -0.286 -0.206 -0.302 -0.268 -0.302 -0.242
d Fe-NεProx.His 2.183 2.178 2.098 2.094 2.041 2.047 2.038 2.066

(2.194)
dihedralProx.His

a 78.4 76.6 56.4 65.3 60.1 58.9 72.6 79.4
(91.0)

∆qIm. 0.146 0.142 0.174 0.156 0.196 0.205 0.187 0.178
∆(∆EO2)

b 0 -7.1 1.4 -4.7 0 -3.1 -1.6 -6.5
νFe-His 221c 223d

νFe-O2 570e 576f

a DihedralProx.His refers to the angle between the plane of the proximal histidine imidazole and the line that goes through two opposite pyrrolic nitrogen
atoms (Nâ and Nδ) of the heme group.b Energy values with respect to the wild-type protein (kcal/mol).c From ref 43.d From ref 44.e From ref 45.f From
ref 46.

Figure 5. Active centers of leghemoglobin (A) and myoglobin (B).

A R T I C L E S Capece et al.

12460 J. AM. CHEM. SOC. 9 VOL. 128, NO. 38, 2006



equilibrium distance for the model system. This proves that in
Lba the histidine residue is pulled up toward the heme group,
reducing the Fe-His distance and enhancing the oxygen affinity.
In Mb, on the contrary, the Fe-His distance is 0.06 Å longer
than the isolated model equilibrium distance, and this probably
means that the protein proximal environment in this case plays
a completely opposite role than in Lba. Second, when comparing
the dihedral angles in Mb and Lba, we observe that the histidine
is close to the staggered conformation in Lba and to the eclipsed
conformation in Mb, again pointing toward a proximal stabiliza-
tion in Lba and destabilization in Mb. Last, since both proteins
display similar H-bond interactions with the proximal histidine,
no difference coming from charge relay effects is expected
between them. However, as shown by our results, this effect
enhances the contribution of the histidine rotational position to
the O2 binding.

Clearly, given that only a minor distal stabilization is present
in Lba, the evolution selected a protein framework that positions
the histidine close to the iron and in a staggered conformation,
thereby increasing the oxygen affinity through proximal effects.
On the other hand, in Mb, the opposite role of these effects
seems to be the case.

Implications for Other Heme Proteins. Probably the most
relevant case where proximal effects are also present is
mammalian hemoglobin, where a drastic change in oxygen

affinity is observed due to a cooperative conformational change
in the quaternary structure.9 Studies with hybrid non-iron-
substituted hemoglobins revealed that the conformational change
from the low affinity T-state to the high affinity R-state is
accompanied by a reduction in the dissociation rate constant of
about 50-100 fold for theR-subunits and about 20-60-fold
for â-subunits.10 Whereas these differences have been attributed
to changes in the distal pocket for theâ-subunits, proximal
effects are supposed to be responsible in theR-subunits.9 It is
known that for theR-subunits in the T-state the proximal Fe-
His bond is strained48 (Fe-His bond distance of 2.6 Å)9 and
relaxes when going to the R-state (Fe-His bond distance of
2.1 Å).9 Our results are able to explain the change in oxygen
affinity in R-subunits of hemoglobin based on these observa-
tions. In the T-state, the hemoglobin pulls the proximal histidine
away from the porphyrin, thereby decreasing oxygen affinity,
and subsequently, the conformational change to the R-state frees
the proximal histidine that becomes closer to the iron with the
concomitant increase in O2 affinity.

On model systems, our results show that proximal effects,
which may be decomposed in charge relay, histidine conforma-
tion, and histidine-porphyrin distance effects are able to subtly
modulate the oxygen binding energy and therefore the oxygen
affinity. These effects are not independent and can work together
or even compete. Regarding the proteins (Lba and Mb) and its
mutants, our results are consistent with the experimental data
on oxygen affinity. A detailed analysis of the proximal effects
described herein is essential to understand the molecular basis
of oxygen affinity in heme proteins since these effects could
operate in a large variety of O2 binding heme proteins.
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Figure 6. (A) Lba proximal mutant: HisF8xGly+ imidazole. (B) Lba
distal mutant: HisE7xGly.
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