
The structure and dynamics of the Fe–CO bond in myoglobin

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2003 J. Phys.: Condens. Matter 15 S1809

(http://iopscience.iop.org/0953-8984/15/18/314)

Download details:

IP Address: 171.66.16.119

The article was downloaded on 19/05/2010 at 08:58

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/15/18
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 15 (2003) S1809–S1822 PII: S0953-8984(03)54656-2

The structure and dynamics of the Fe–CO bond in
myoglobin

Carme Rovira
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Abstract
This paper is a review of our recent work on the structure and dynamics of the
Fe–CO bond in carbonmonoxy myoglobin (MbCO), performed using density
functional theory, Car–Parrinello molecular dynamics and hybrid quantum
mechanics/molecular mechanics approaches. The results of these investigations
have served to shed light onto one of the long standing questions in myoglobin
research: whether the protein discriminates the CO ligand with respect to O2 by
distorting the FeCO bond. The calculations show that both in the gas phase and
in the protein the Fe–CO bond is essentially linear and therefore exclude the
hypothesis that the CO in MbCO is sterically hindered. In contrast, hydrogen
bonding between the O2 ligand and the His64 residue easily explains the protein
discrimination for CO.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The binding of oxygen (O2) and carbon monoxide (CO) to myoglobin and synthetic model
compounds remains a topic of great ongoing interest [1]. CO is a ubiquitous toxin [2] because
it is present in large amounts in cells and because its bond with the myoglobin iron atom is
less dissociable than the bond of oxygen. It has been known since the 1970s that the affinity
ratio CO/O2 is lower in the protein than in synthetic model compounds by a factor of ∼102 in
the equilibrium constant for the ligand binding reaction (Springer et al [1]). In other words,
the protein weakens the CO affinity with respect to that of O2. Nevertheless, the origin of
the protein discrimination for CO is still one of the most controversial issues in haem-protein
research.

According to x-ray and neutron diffraction studies, the binding of CO to the haem active
centre leads to a distorted FeCO unit. This distortion is generally described in terms of the tilt
(δ) and bend (θ) angles, depicted in figure 1. Table 1 lists the different FeCO structures that
have been reported for native MbCO since 1986 [3–9]. Two positions for the CO are given in
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Figure 1. (a) Structure of MbCO (PDB entry 1BZR, at 1.15 Å resolution [7]). The haem active
centre is highlighted (van der Waals spheres), as well as the proximal and distal histidines (His93
and His64, respectively, shown as sticks). (b) Tilt (δ) and bend (θ) angles commonly used to
describe the FeCO distortion.

the first two entries of the table [3, 4] since the Fe–CO bond is affected by static disorder. As
shown in table 1, most of the x-ray structures show large values of the tilt and bend angles. In
particular, the two highest resolution structures (last two entries of the table) disagree in the
degree of FeCO distortion. The magnitude of the Fe–C, Fe–Np and Fe–NIm distances show
less variability among the different refinements, specially within the high resolution structures.

The results of the structural analyses of MbCO contrast with those on synthetic models of
the protein (e.g. molecules of the the picket fence family) for which the FeCO fragment is linear.
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Table 1. Structural information available (from x-ray diffraction and neutron scattering data) on
the local structure around the iron atom in MbCO. Distances are given in angstroms and angles in
degrees. Porphyrin nitrogens are denoted as Np , while NI m refer to the nitrogen atom of the axial
imidazole which is coordinated to Fe. Nε is one of the nitrogen atoms of the distal histidine (the
one closest to CO, as shown in figure 1(b)).

Year 1986 1991 1994 1996 1999 1999 2002
Resolution 1.5 Å 1.8 Å 1.9 Å 2.0 Å 1.5 Å 1.2 Å 1.3 Å
Reference [3] [4] [5] [6] [7] [8] [9]

Structural parameter
Bend (θ) 39/60 34/45 20 47.3 7.4 19 4.3
Tilt (δ) 2.7 13.2 3.9 >15 4.8 9 1.76
C–O 1.17/1.20 1.20 1.12 1.13 1.13 1.09 1.14
Fe–C 1.92 2.13 1.85 1.91 1.73 1.82 1.76
Fe–Np 1.90–2.00 2.01 1.96 1.88–2.01 1.99–2.03 1.98 1.98–2.02
Fe–NI m 2.19 2.20 2.30 2.27 2.11 2.06 2.06
O · · · Nε 3.96/2.66 3.48/2.60 2.81 7.44a 3.21 3.16/2.74/6.58b 2.81/3.41b

a This structure was solved at pH 4.0. At this pH the His64 residue is out of the haem pocket and thus far from the
bound CO.
b The His64 residue was found to be disordered into more than one position.

Because of this, it has been often assumed that the Fe–CO bond in the protein is weaker
than in the models and this argument has been used to explain the protein discrimination for
CO [10]. However, several experiments do not support the so-called steric interpretation. For
instance, kinetic and thermodynamic measurements in a variety of proteins have not found
a clear relation between CO affinity and FeCO distortion [1] and spectroscopic studies have
excluded the possibility of a large Fe–CO distortion in the protein [11]. On another hand,
photoselection measurements have shown that the angle between the haem normal and the C–
O dipole is less than 7◦ (Lim et al [1], Sage and Jee [12]). Therefore, even though experiments
in synthetic models show that steric hindrance can control the binding affinity of CO and
O2 [13], the fact that the CO in myoglobin is sterically hindered is nowadays regarded with
scepticism. To explain the protein discrimination for CO, other factors such as hydrogen bond
or electrostatic interactions have been proposed by Springer et al [1], Ray et al [11] and Sage
and Champion [14].

Theoretical calculations based on density functional theory (DFT) have been very useful
to exclude the steric interpretation. Gas-phase calculations provide a precise knowledge of
the intrinsic properties of the haem–ligand bonds [15]. For instance, Ghosh and Bocian [16]
investigated the energetic cost of distorting the FeCO bond from linearity using a simplified
model where the porphyrin is substituted by two amidinato ligands. This study demonstrated
that small distortions of the FeCO moiety have a negligible cost in terms of energy. Very
similar conclusions were reached by Rovira et al [17] using a larger model. Later on, Spiro
and Kozlowski and Havlin et al [18] reinvestigated the FeCO bending and tilt potentials. The
main findings of these static computations, along with the experimental information available,
have been recently reviewed [19]. The dynamics of the FeCO bond at room temperature [20]
completed the picture of the FeCO deformability. Very recently, the effect of the protein
environment on the FeCO structure has also been analysed [21].

This paper summarizes our work in the modelling of the interaction of CO myoglobin
using Car–Parrinello molecular dynamics and hybrid QM/MM approaches. The calculations
provide additional support for the fact that the the Fe–CO bond in MbCO is linear. Moreover,
it is shown that hydrogen bonding between the O2 ligand and the His64 residue could explain
the protein discrimination for CO.
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2. Computational details

All calculations presented here are based on the DFT [22] within the local density
approximation (LDA). The Kohn–Sham orbitals [23] are expanded in a plane wave (PW)
basis set, with a kinetic energy cut-off of 70 Ryd. The Ceperley–Alder expressions for
correlation and gradient corrections of the Becke–Perdew type are used [24], as well as ab
initio pseudopotentials, generated using the Troullier–Martins scheme [25], including the non-
linear core correction [26] for the iron atom. The Car–Parrinello method [27, 28], based on a
combination of a molecular dynamics (MD) algorithm with electronic structure calculations
by means of DFT, has been used with success in the study of different systems of biological
interest [29]. Structure optimizations were performed with no constraints starting from non-
symmetric structures. The convergence of the results with the energy cut-off in the PW
expansion was investigated in a previous work [30].

MD simulations at room temperature were performed using a time step of 0.12 fs, with
the fictitious mass of the Car–Parrinello Lagrangian set to 700 au. The deuterium mass for the
hydrogen atoms was used. The systems were enclosed in supercells of 16 Å × 16 Å × 20 Å,
periodically repeated in space. They were allowed to evolve during 2 ps in order to achieve
vibrational equilibration. The MD was performed for a total period of 15.5 ps. Hybrid quantum
mechanics/molecular mechanics (QM/MM) calculations were done using the EGO-CPMD
code [31], which is an interface between the classical MD code of Eichinger et al (named
EGO VIII [32]), based on the CHARMM force field [33], and the Car–Parrinello MD code
written by Hutter (CPMD) [28]. The interface between the QM and MM regions is treated
using the link atom approximation [31].

3. The Fe–CO bond in the gas phase

3.1. Structure

Several models have been used to investigate the properties of the Fe–CO bond in the
gas phase. Two of the simplest ones are the five-coordinated iron–porphyrin–CO (FeP–
CO) and the six-coordinated iron–porphyrin–imidazole–CO (FeP(Im)–CO), where the axial
imidazole ligand mimics the effect of the proximal histidine aminoacid. Other authors
have also used models based on substituting the iron–porphyrin by two amidinato ligands
(i.e. a (NH–CH=CH–CH=NH)− ring structure) [16]. In order to quantify the effect of a
crowded binding pocket, calculations have also been performed in larger models including
the complete active centre of MbCO (Fe(PPIX)–CO, shown in figure 2, where PPIX is
the protoporphyrin IX) and the picket fence biomimetic molecule Fe(TpivPP)(2-meIm)–CO
(TpivPP = tetrapivalaminophenyl porphyrin, meIm = methylimidazole). The picket fence
based molecules have been widely used as myoglobin models [14].

In agreement with experiments, the lowest energy spin state of the above systems is a closed
shell singlet [14]. The corresponding optimized structures are shown in figure 2 and table 2 lists
their most relevant structural parameters. As shown in figure 2, the five-coordinated FeP–CO
and Fe(PPIX)–CO complexes are characterized by having a curved porphyrin. Disregarding
the porphyrin non-planarity, the structure of the five-coordinated complexes is already quite
similar to that of the six-coordinated complex FeP(Im)–CO.

The distortion of the porphyrin upon CO binding reinforces the bonding between the
Fe(dz2) orbital and the 3σg orbital of the CO molecule (figure 3(a)). The symmetry reduction
on going from a planar to a non-planar porphyrin allows the dz2 orbital to mix with the pz and s
orbitals of iron. The resultant hybrid orbital, shown in figure 3(b), is stabilized further by this
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(a) FeP-CO (b) Fe(PPIX)-CO

(c) FeP(Im)-CO (d) Fe(TpivPP)(2-meIm)-CO

Figure 2. Optimized structures for the myoglobin models investigated.

Table 2. Main parameters defining the optimized structures for the complexes investigated.
Distances are given in Å, angles in degrees and energies in kcal mol−1.

Structure Fe–C C–O <Fe–C–O Fe–Np Fe–NI m

FeP–CO 1.69 1.17 180 1.99 —
FePPIX–CO 1.69 1.17 180 1.99 —
FeP(Im)–CO 1.72 1.17 180 2.02 2.10
Fe(TpivPP)(2-meIm)–CO 1.72 1.17 180 2.01 2.11
Expta 1.77 1.12 179 2.02 2.10

a Data corresponding to the Fe(TPP)(py)–CO complex [40].

mixing process (the antibonding interaction with the Np ligands is reduced) and it becomes
hybridized towards the missing CO ligand [34]. The overlap between this orbital and the 3σg

orbital of the CO molecule is in this way enhanced, resulting in a more stable Fe–CO bond.
The calculations on large models evidence that the porphyrin substituents do not cause

a significant change either on the Fe–CO bond or on the porphyrin structure: the porphyrin
ring in FeP(Im)–CO is practically identical to that in Fe(TpivPP)(1-meIm)–CO and the same
occurs when comparing FeP–CO and Fe(PPIX)-CO. Only the Fe–Nε axial bond is found to
be longer for Fe(TpivPP)(1-meIm)–CO compared to FeP(Im)–CO. Nevertheless, this is due
to the steric interaction between the 2-me substituent of the imidazole and the porphyrin ring.
In fact, additional calculations on the species obtained by removing the methyl group find that
the Fe–Nε distance is the same as the one found in FeP(Im)–CO. Thus, in spite of the structural
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Figure 3. (a) 3σg orbital of the CO molecule. (b) Hybrid molecular orbital resulting from the
combination of the three molecular orbitals depicted (see text). Although these orbitals have a
main iron character, they also have a small contribution from the ligand orbitals.

complexity of the binding pocket, the local structure around the iron atom in Fe(TpivPP)(1-
meIm)–CO does not change with respect to the simplest iron–porphyrin models.

3.2. Binding energy

Binding energies with respect to dissociation of the axial ligands were computed as the
difference between the energy of the complex and that of the isolated fragments at their
optimized structures. The binding energy of the Fe–CO bond amounts to 26 kcal mol−1

for FeP–CO and it is much larger (35 kcal mol−1) for FeP(Im)–CO. Therefore, the presence
of the imidazole ligand stabilizes the Fe–CO bond. This can be understood in terms of the
polarization of the dz2 orbital which interacts with the 3σg orbital of the CO molecule [34].
Similarly, the binding energy of the Fe-Imidazole bond increases upon binding of CO (from
7 kcal mol−1 in the five-coordinated FeP(Im) to 12 kcal mol−1 for FeP(Im)–CO). It should be
noted that a similar effect was found for oxygen complexes [35]. Therefore, one of the roles of
the proximal histidine residue in myoglobin and haemoglobin is that of reinforcing the bond
with the CO and O2 ligands.

The influence of the porphyrin substituents in the energy of the Fe–CO bond appears to be
very sensitive to the polarity of these substituents. For instance, in the case of Fe(PPIX)–CO,
the energy of the Fe–CO bond does not change with respect to the unsubstituted complex FeP–
CO. In contrast, a large enhancement of the binding energy is found for Fe(TpivPP)(1-meIm)–
CO with respect to FeP(Im)–CO (29 kcal mol−1). Model calculations using point charges
replacing the TpivP substituents show that the energy increase can be attributed to electrostatic
interactions of the CO with the polar TpivP side chains. Nevertheless, this enhancement is likely
to be overestimated in the calculation, since the strong electrostatic interaction of the TpivP
side chains with the CO ligand would decrease in the presence of a solvent, something which
is not taken into account in the gas phase calculations. Nevertheless, the computed values are
useful to identify trends along the series and to pinpoint the chemical groups responsible for a
given change. In this respect, the results obtained show that although the structure of the FeCO
fragment is insensitive to the presence of porphyrin substituents, the binding energy of the CO
ligand is very sensitive to the polarity of these substituents (it does not change in the non-polar
environment provided by the PPIX substituents, but it is significatively enhanced by the polar
TpivP substituents). In the context of the protein, these results suggests that the polarity of
the haem pocket could be able to control the relative binding energy among the CO and O2

ligands. Therefore, while steric hindrance probably has no relevance for the protein–ligand
binding control, electrostatic effects are likely to play a major role in these processes.
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Figure 4. Energy cost of distorting the FeCO bond along the δ and bend θ coordinates.

3.3. Dynamics of the Fe–CO fragment

It is particularly interesting to quantify the energy involved in a distortion of the Fe–CO
fragment, since this distortion has been traditionally invoked as responsible for the weakening
of the Fe–CO bond in the protein [10]. To explain the reduced CO/O2 affinity in the protein
with respect to free haem in terms of a weaker Fe–CO bond, a decrease of the Fe–CO binding
enthalpy by ≈2 kcal mol−1 would be required. This could be accomplished, for instance, by
distorting the Fe–CO bond [10, 13].

Figure 4 shows the energy increase with respect to changes in the bend (θ) and tilt (δ)

angles defining the Fe–CO structure. The calculations were performed by means of geometry
optimization of the FeP(Im)–CO model, relaxing all degrees of freedom except the tilt and
bend angles. It can be observed that small deformations (up to 7◦ in the bending angle, which
are similar to the maximum distortions reported by photoselection and infrared crystallography
measurements by Lim et al [1], Sage and Jee [12]) cost less than 0.5 kcal mol−1. It is also
apparent that Fe–C–O bending becomes easier when the bond is tilted (for a tilting of 4◦, a
bending by 10◦ requires only 0.7 kcal mol−1 while it requires 1 kcal mol−1 for the untilted
bond). Similar results have been obtained by other groups at different levels of theory and
using either the same or more simplified models [16, 18]. The results of figure 4 show that
only distortions larger than ∼15◦ could be biologically relevant, as they would correspond to
a weakening of the Fe–CO bond by ∼2 kcal mol−1.

MD simulations at room temperature can provide a picture of the fluxionality of the Fe–CO
bond. To this aim, a Car–Parrinello MD simulation was performed for the FeP(Im)–CO model
for a total period of 15 ps. As a way to display the dynamical motion of the ligand, the projection
of the C and O projections on the porphyrin plane was monitored along the simulation. Figure 5
shows the trajectories sampled by both the C and O atoms. The trajectories appear to be rather
complex and concentrated around the iron atom, with the one of oxygen being more spread
(≈0.4 Å from the centre) than that of the carbon atom (≈0.2 Å). Nevertheless, with respect to
the size of the porphyrin core (Fe–Np = 2.02 Å), the trajectories shown in figure 5 correspond
to just a very small area over the iron atom (located at 0.0 in figure 5). Further analysis of
the time evolution of the CO orientation (data not shown here) reveals that the projection of
the C–O axis on the porphyrin plane visits all the porphyrin quadrants in a very short time
(≈0.5 ps). Therefore, the global picture that can be inferred from our simulation is that of an
essentially upright FeCO unit, with the CO ligand undergoing a fast complex motion within
a very small region around its equilibrium position. It should also be noted that, given the
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Figure 5. Configurational space sampled by the projection of the CO ligand on the porphyrin
plane. The x, y axes are aligned with the Fe–Np bonds. (a) Carbon atom; (b) oxygen atom. Values
are given in angstroms.

Figure 6. Frequency distribution of the δ and θ angles obtained from the CPMD simulation of the
FeP(Im)–CO complex at 300 K. The distribution is not normalized.

complex motion of the ligand, the instantaneous structure of the FeCO unit cannot be easily
defined just in terms of the δ and θ angles; the problem should be best regarded as that of
a highly fluxional CO molecule, which samples many different conformations with different
probability in a short time.

Figure 6 shows the probability distribution of the δ and θ angles obtained from the
simulation. It is apparent that small fluctuations of the tilt and bend angles (δ < 8◦, θ < 13◦)
have a sizable probability of taking place, but larger deformations do not occur. Therefore, for
an FeCO not perturbed by the environment, small δ–θ deviations can occur only due to the
thermal motion of the ligand. Of course, these little deformations cannot have any relevance
for the protein discrimination against CO.

In summary, the Fe–CO bond is perfectly linear in all models considered and only large
deformations (>15◦) should be of biological relevance. Therefore, unless the CO is severely
distorted in the protein, the calculations exclude the steric interpretation as the origin of the
protein discrimination for CO.
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Figure 7. QM/MM partition chosen in the calculations including the protein environment.

4. The Fe–C–O structure in the protein

4.1. Structure

The modelling of the FeCO bond in MbCO was performed by means of the hybrid QM/MM
approach described in section 2. Figure 7 depicts the type of QM–MM boundary used in
the calculations. The CO ligand, the porphyrin and the axial imidazole were treated quantum
mechanically (i.e. included in the QM region). The vinyl and propionate porphyrin substituents
were not included in QM, since it had previously been found that they do not affect the properties
of the Fe–ligand bonds (sections 3.1 and 3.2). On the other hand, it is crucial to consider
the imidazole of the proximal His in QM, since the imidazole strengthens the Fe–CO bond
(section 3.2). The use of this QM–MM partition ensures that the energy/spin/structure relations
of the haem are well described. Four link atoms [31] are used to separate the porphyrin from
the haem vinyl and propionate substituents, plus another link atom saturating the C–C bond of
the His64 residue. In addition, the protein is enveloped in a 37 Å sphere of equilibrated TIP3P
water molecules (see figure 8) in order to take into account solvation effects. The numbers of
QM and MM atoms treated in the calculation are 63 and 20 000, respectively.

Before starting the calculations, it is important to chose an appropriate initial structure
for the protein. While the x-ray structure of MbCO is a possible starting point, the fact that
it corresponds to an average among the many different instantaneous protein conformations
could lead to artifacts in the simulation. It is physically sounder to consider snapshots of
classical MD simulations performed on the equilibrated protein. It is also desirable that, for
consistency, these simulations are performed using the same force field as in the QM/MM
calculations.

Classical simulations of MbCO using the CHARMM force field were done for different
tautomerization states of the distal histidine residue (His64) [37]. These simulations showed
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Figure 8. Protein solvated in the water shell, used in the QM/MM calculations.

that when His64 is protonated at Nδ (i.e., the Nδ tautomer) it often rotates so that it exposes either
the Nδ–H bond or the unprotonated Nε atom towards the CO. These two situations are depicted
in figure 9. Two snapshots corresponding to these two extreme distal His conformations were
taken, which are denoted as I and II. Another snapshot (III) from a simulation that started with
the His64 protonated at Nε (Nε tautomer) was also considered. Since rotation of His64 did not
occur in the timescale of the classical simulation (1 ns), it was artificially forced by inducing
an 180◦ rotation around the His64 C–C bond (IV in figure 9). Finally, a fifth snapshot (V in
figure 9) in which the distal His moved away from the CO was considered. This event occurred
after 600 ps of the classical MD simulation. These protein configurations, denoted as I–V in
figure 9, are representative of the dynamics of the haem pocket.

For each of these protein conformations, a structural relaxation was performed. Table 3
summarizes the results obtained for the structure around the Fe atom. As expected, the haem–
ligand structure is not very sensitive to the protein conformation. In all cases we obtain a similar
structure, which is not far from the gas phase values (last row in table 3). Most importantly,
the Fe–CO angle is essentially linear in all cases, even when the proton of the distal His is
close to the CO (III). The maximum distortion observed for the FeCO angle is 3.9◦. Therefore,
the FeCO structure is not significantly influenced by the protein environment and the FeCO
fragment can be considered as essentially linear. This is in contrast with the results of structural
analyses (table 1) reporting a distorted FeCO moiety, but supports the conclusions of several
other experimental studies that concluded that this distortion is marginal (Lim et al [1], Sage
and Jee [12]).

4.2. Interaction of the ligand with the distal His residue

Having excluded the steric interpretation as the origin of the CO discrimination, it is interesting
to analyse whether hydrogen bonding could explain such discrimination. To this aim, the
energy of the interaction of the CO ligand with the distal histidine was analysed. In order to
isolate the hydrogen bond interaction due to the His64 residue, the computations were done in
the isolated haem–His93–CO· · ·His64 system for each of the protein conformations I–V.

The interaction energy of the ligand with the distal residue (last column in table 3) turns
out to be very dependent on the conformation and protonation state of the distal His. The
interaction between His64 and CO vanishes for configuration V. Configuration I leads to a
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Figure 9. Orientation and tautomerization state of the His64 residue in each of the five different
protein conformations considered (see text). Orientations I, II and V correspond to the Nδ tautomer
of His64, while III and IV correspond to the Nε tautomer (see text).

Table 3. Main parameters defining the optimized haem–CO structure of each protein conformation
I–V. The last row corresponds to the results obtained for the FeP(Im)–CO isolated model
(section 3.1).

Interaction O · · · X C–O Fe–C <Fe–C–O Fe–Np �EO···X
Structure type (Å) (Å) (Å) (deg.) (Å) (kcal mol−1)

Exp. CO· · ·Nε 4.0–2.60 1.09–1.21 1.73–2.21 120—172 2.01–2.06 +2.0
I CO· · ·Nε 3.39 1.16 1.76 177.3 2.00–2.02 −2.5
II CO· · ·H-Nδ 3.47 1.16 1.75 179.3 1.98–2.03 −3.4
III CO· · ·H-Nε 2.69 1.17 1.74 176.1 1.99–2.02 −0.9
IV CO· · ·Nδ 3.90 1.16 1.74 175.7 1.99–2.02 −0.1

CO · · · H–C 2.18
V CO· · ·Nε 6.03 1.16 1.75 177.6 1.99–2.03 0.0

CO · · · H–C 4.03
FeP(Im)–CO — — 1.17 1.72 180.0 2.02 —

repulsive interaction (2 kcal mol−1), while the interaction is favourable when the protonated
nitrogen is close to the CO. The largest stabilization is found for the Nε tautomer, as in this
case the Nε–H · · · OC interaction becomes geometrically more favoured than in the other cases.
This is at variance from the common assumption [11] that only the binding of O2 could be
stabilized by interaction with the distal histidine. However, the calculations support recent
resonance Raman measurements [38] that show spectroscopic evidence of a hydrogen bond
between CO and His64.
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Figure 10. Orientation of the His64 residue with respect to the Fe–O2 bond obtained for MbO2.

In the case of MbO2, there is experimental evidence that the His64 residue is protonated
at Nε [39]. Therefore, only protein conformation III was considered for the calculations. The
corresponding orientation of the O2 ligand obtained in the optimization is shown in figure 10.
The computed hydrogen bond to O2 is stronger than that of CO by 2.3 kcal mol−1. This value
should be regarded as a lower bound since no initial relaxation of the MbO2 structure was
performed and only one protein conformation was considered. Nevertheless, the difference
obtained is sufficient to explain the protein discrimination for CO in terms of hydrogen bonding.
On the other hand, other authors [41] have recently analysed the strength of this hydrogen
bond using either a simplified model for HbO2 or a model consisting on an iron–porphyrin
interacting with an imidazole fixed at the x-ray position. The similarity of the results obtained
seems to indicate that the strength of the His64· · ·O2 interaction does not change with small
displacements of the His64 residue. Therefore, while our results exclude steric effects as
being relevant for the protein discrimination for CO, they support the hypothesis that the
strong hydrogen bond interaction of the O2 ligand with the His64 residue is at the basis of the
protein discrimination for CO.

5. Summary and conclusions

In this study the structure and energetics of the binding of CO in myoglobin and synthetic
models has been quantified. The binding of CO induces a significant curvature of the haem
when binding to the iron atom, although the porphyrin planarity is restored by the binding of
an imidazole ligand. The vinyl, methyl and propionic substituents of haem do not influence
the structure and energy of the Fe–CO bond. Instead, the ligand binding energy is significantly
enhanced by the presence of the polar porphyrin substituents of the picket-fence molecule.

Analysis of the energy increases upon bending (θ) and tilting (δ) the Fe–CO bond shows
that only distortions larger than ∼15◦ could be biologically relevant, as they would correspond
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to a weakening of the Fe–CO bond by more than 2 kcal mol−1. Small deformations have a
negligible energy cost and can be available by thermal motion, as evidenced by Car–Parrinello
molecular dynamics simulations at 300 K. The simulations show that the dynamics of the
FeCO unit is characterized by a fast motion of the ligand around its equilibrium position, with
a maximum distortion of θ ≈ 13◦ and δ ≈ 8◦.

Hybrid QM/MM calculations based on DFT combined with the CHARMM force field
highlight the effect of the distal pocket conformation on the properties of the Fe–CO bond
in MbCO. The calculations show that the local structure around the Fe atom is insensitive to
the haem environment. An essentially linear FeCO bond is found for different distal pocket
conformations, which leads to the conclusion that the haem–CO structure is quite robust and
not influenced by the protein environment. Therefore, the results obtained rule out the steric
interpretation to explain the origin of the protein discrimination for CO.

Unlike the structure, the strength of the CO· · ·His64 interaction appears to be very
dependent on the protein conformation and, in particular, on the orientation and tautomerization
state of His64. The CO ligand turns out to be substantially stabilized by interaction with the
distal histidine residue, in contrast with the common assumption that such stabilization only
occurs for O2. Nevertheless, the strength of the CO· · ·His64 interaction is smaller than the
one obtained for the oxygen ligand, with an energy difference of >2.3 kcal mol−1. This gives
support to the argument that myoglobin favours the binding of O2 with respect to CO by
reinforcing its hydrogen bond interaction with the His64 residue.

In summary, the calculations have quantified the interplay between the structure, energy
and dynamics of the haem active centre and its interaction with the protein. This helps to
understand several previously unclear aspects such as the precise structure of the Fe–CO bond,
its intrinsic dynamics and the role of the proximal and distal histidines and its properties. The
results obtained show that both in the gas phase and in the protein the Fe–CO bond is essentially
linear and therefore exclude the hypothesis that the CO in MbCO is sterically hindered. In
contrast, hydrogen bonding between the O2 ligand and the His64 residue easily explains the
protein discrimination for CO.
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