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ABSTRACT We present density-functional molecular dynamics simulations of FeP(Im)(AB) heme models (AB 5 CO, O2,
Im 5 imidazole) as a way of sketching the dynamic motion of the axial ligands at room temperature. The FeP(Im)(CO) model
is characterized by an essentially upright FeCO unit, undergoing small deviations with respect to its linear equilibrium
structure (bending and tilting up to 10° and 7°, often occur). The motion of the carbon monoxide ligand is found to be quite
complex and fast, its projection on the porphyrin plane sampling all the porphyrin quadrants in a short time (;0.5 ps).
Simultaneously, the imidazole ligand rotates slowly around the Fe–Ne bond. In contrast to carbon monoxide, the oxygen
ligand in FeP(Im)(O2) prefers a conformation where the projection of the O–O axis on the porphyrin plane bisects one of the
porphyrin quadrants. A transition to other quadrants takes place through an O–O/Fe–Np overlapping conformation, within 4–6
ps. Further details of these mechanisms and their implications are discussed.

INTRODUCTION

The reaction of carbon monoxide and O2 with the heme iron
of myoglobin (Mb) and hemoglobin (Hb) has long been a
topic of discussion and debate (Springer et al., 1994; Olson
and Phillips, 1996; Sage and Champion, 1996; Ormos et al.,
1998). Of special interest are the properties of the Fe–CO
and Fe–O2 units, due to their possible relation with the
protein function mechanisms. In this respect, the structure
and vibrational properties of the Fe–CO and Fe–O2 moieties
have often been used as a sensitive probe for heme-ligand
binding and for electrostatic interactions in the distal pocket
(Hirota et al., 1996; Unno et al., 1998). The structure of the
Fe–CO unit, in particular, was thought from an early stage
to be relevant for carbon monoxide binding control (Stryer,
1995), although the quite large distortions reported in x-ray
studies (Cheng and Schoenborn, 1991; Yang and Phillips,
1996) have been challenged (see, for instance, Ray et al.,
1994; Slebodnick and Ibers, 1997). Spectroscopic studies
(Lim et al., 1995; Sage and Jee, 1997) give a much smaller
distortion (;7° deviation from linearity) and theoretical
calculations have demonstrated that the energetic cost for
such a small deformation is marginal (Vangberg et al.,
1997; Rovira et al., 1997; Spiro and Kozlowski, 1998;
Havlin et al., 1998). In addition, experiments on isolated
heme models have been undertaken with success (Collman,
1997, and references therein). However, little is known on
dynamic aspects like the distribution of the carbon monox-
ide orientation at room temperature, which could help in the
modeling of the experimental data.

The Fe–O bond exhibits a bent end-on geometry both in
MbO2 and HbO2 (Shaanan, 1982), as it is also found in
isolated hemes (Jameson et al., 1978). Neutron and x-ray
diffraction measurements have found that the O2 is hydro-
gen-bonded with the Ne-H of His-64 in both MbO2 and
a-Hb (Phillips and Schoenborn, 1981; Shaanan 1983).
However, there is no evidence of a hydrogen bond in
b-HbO2, where free rotation of the ligand around its equi-
librium position is expected (Shaanan, 1983). Recent elec-
tron paramagnetic resonance measurements in cobalt-sub-
stituted Hb (in botha andb subunits) have found evidence
of O2 rotation (Bowen et al., 1997). Evidence of O2 rotation
is also provided by investigations of synthetic models. In
particular, the fourfold disorder found in the crystal struc-
ture of picket-fence oxygen systems (Jameson et al., 1978,
Collman, 1997) has been interpreted as a dynamic O2 mo-
tion by both Mössbauer and nuclear magnetic resonance
experiments (Spartalian et al., 1975; Mispelter et al., 1983;
Oldfield et al., 1991).

The thermal motion of imidazole axial ligands has also
been investigated by electron paramagnetic and nuclear
magnetic resonance spectra in proteins and synthetic models
in homogeneous solution (Nakamura et al., 1996; Momot
and Walker, 1997). In the heme proteins, the imidazole is
constrained by covalent bonding to the protein backbone.
However, in synthetic heme models, it appears to rotate
freely and adopt a variety of orientations.

To understand the relation of these motions to the prop-
erties of the protein, it is necessary to transcend a purely
static point of view and fully examine the influence of
thermal fluctuations. This is the objective of the present
study, in which first-principles molecular dynamics (MD)
will be used to extract information on Fe–CO, Fe–O2 and
Fe–imidazole motion in FeP(Im)(O2) and FeP(Im)(CO)
models at room temperature. This study is part of our
investigation into ligand binding properties of heme models
(Rovira et al., 1997; Rovira and Parrinello 1999). To the
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best of our knowledge, it is the first study in which the
heme-ligand dynamics is examined from first principles.

THE COMPUTATIONAL METHOD

A detailed description of the Car–Parrinello method can be found in several
publications (Car and Parrinello, 1985; Galli and Parrinello, 1991). The
calculations were performed with periodic boundary conditions, using an
orthorhombic supercell of dimensionsa 5 b 5 15 Å, c 5 12 Å
[FeP(Im)(CO)] anda 5 b 5 15 Å, c 5 10 Å [FeP(Im)(O2)]. We used the
generalized gradient-corrected approximation of spin-dependent density
functional theory, following the prescription of Becke (1986) and Perdew
(1986). The electronic wave functions were expanded in plane waves up to
a kinetic energy cutoff of 70 Ry. Martins–Troullier norm-conserving
pseudopotentials were used (Troullier and Martins, 1991), supplemented
with nonlinear core corrections for the iron atom (Louie et al., 1982). This
is the same setup as we used for the study of structural and equilibrium
properties of related heme models (Rovira et al., 1997; Rovira and Par-
rinello, 1999). The deuterium mass for the hydrogen atoms was used in the
dynamic simulations, which allows the use of a longer time step (0.121 fs).
The fictitious mass of the Car–Parrinello Lagrangian was set to 700 au. The
four meso hydrogens of the porphyrin were kept fixed, because almost all
experimental heme models contain bulky substituents in this position. The
initial configurations were taken as an overlapping O–O/Fe–Np conforma-
tion in the case of the O2 complex and the minimum energy structure in the
case of the carbon monoxide complex. The systems were allowed to evolve
during 2 ps to achieve vibrational equilibration and to lose information of
the initial configuration. Further methodological details can be found in
Rovira et al. (1997).

RESULTS AND DISCUSSION

Static properties

Detailed information on the structure and electronic prop-
erties of FeP(Im)(XY) complexes (XY5 CO, O2) can be
found in our previous work (Rovira et al., 1997; Rovira and
Parrinello, 1999) and in several other theoretical studies of
heme models (for instance, Dedieu et al. 1983; Jewsbury et
al., 1994; Nagatsuji et al., 1996; Vangberg et al., 1997;
Havlin et al., 1998; Maseras, 1998; Spiro and Kozlowski,
1998; Sigfridson and Ryde, 1999). Here, we just briefly
recall the main stereochemical properties of these com-
plexes. Both systems have a quite similar structure, except
for the Fe–XY unit. As depicted in Scheme 1, carbon
monoxide binds linearly to the iron, whereas O2 prefers a
bent end-on type of bond (,Fe–O–O5 121), with the O–O
projection on the porphyrin plane bisecting one of the
porphyrin quadrants (Rovira et al., 1997). The energetic cost
for just a small distortion of the Fe–CO bond is very small:

a 7° deviation of the Fe–CO angle involves less than one
kcal/mol; however larger deviations ($15°) are prohibitive
(Vangberg et al., 1997). Small changes in the Fe–O–O angle
can also be made at a small energetic cost, although the
change to an upright Fe–O–O is costly in terms of energy
(15 kcal/mol) and involves a change of spin state (from
singlet to triplet) (Rovira and Parrinello, 1999).

Additional calculations were performed to explore in
more detail the shape of the potential energy surface of the
FeP(Im)AB systems (AB5 CO, O2) with respect to the
axial ligand position. The structure of the FeP is kept fixed
in a planar configuration. The orientation of the axial li-
gands with respect to the porphyrin was kept fixed at the
orientations of interest (see Fig. 1), while the remaining
degrees of freedom were optimized. The imidazole ligand
was oriented either along the bisector of the Np–Fe–Np

angle (Fig. 1a) or overlapping a Fe–Np bond (Fig. 1b).
Concerning the diatomic ligands, only the orientational con-
figuration corresponding to the potential energy surface
minimum was considered for carbon monoxide (Scheme 1).
In the case of O2, which at equilibrium is bent (Scheme 1),
the orientational configurations of Fig. 1 were calculated.

From these calculations, we can infer that, for both car-
bon monoxide and O2, the energy is insensitive to the
imidazole orientation. In the case of O2, there is an energy
barrier of 1.3 kcal/mol (independent of the imidazole rota-
tion) when the O2 is oriented along a Fe–Np bond (Fig. 1,
a1, b1, b2). Additional calculations relaxing all degrees of
freedom gave a value of 1.2 kcal/mol for this barrier, which
indicates that also porphyrin distortions will not affect the
torsional motion of the ligand. This splits the system into
four essentially equivalent porphyrin quadrants.

Given the small energy barrier for O2 rotation around
Fe–O, and considering that the torsional mode associated
with this motion should have a very low frequency, jumping
of the O2 from one porphyrin quadrant to another at room
temperature is expected to occur in a timescale of a few
picoseconds. We should finally point out that the above
results do not change significantly regardless of whether the
system is in an open-shell or closed-shell electronic state
(O–O5 1.29 Å,,Fe–O–O5 122°, Fe–O5 1.74 Å at the
minimum structure). Thus, for computational reasons, we
decided to perform the simulations on the closed-shell sur-
face of this system. It is also worth noting that the above
structure/energy relations and the main equilibrium proper-
ties of both carbon monoxide and O2 models are quite
similar to those found for picket-fence systems (Rovira and
Parrinello, 1999). Thus, we expect that the conclusions
drawn here can also be applied quantitatively to cases that
are as yet unmanageable with first-principles MD.

Heme-CO dynamics

An MD simulation of FeP(Im)(CO) (Fig. 2) was performed
for a total period of 18 ps, with an average temperature ofSCHEME 1
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300 K. The Fe–Ne was constrained to its equilibrium value
(2.08 Å) during an initial time interval of 2 ps after equil-
ibration of the system.

The most salient features that can be observed from the
ligand dynamics is the fast complex motion of the carbon
monoxide and the much slower motion of the imidazole. As
a way to display the motion of the carbon monoxide ligand,
we monitored the projection of the carbon and oxygen
atoms on the average plane defined by the four porphyrin
nitrogens (hereafter referred to as the Np plane). Figure 3
shows the trajectory of both carbon and oxygen projections
on this plane. The iron atom is located at the center of each
plot, with thex and y axes aligned with the Fe–Np bonds
(see Fig. 2). As shown in Fig. 3A, the trajectory of the
carbon atom appears to be rather complex and it is concen-
trated around the iron atom. The trajectory of the oxygen

atom (Fig. 3B) has similar features but is more spread
(;0.4 Å from the center). Nevertheless, it should be noted
that, with respect to the size of the porphyrin (Fe–Np 5 2.02
Å), the whole spread of values shown in Fig. 3B corre-
sponds to just a very small area over the iron atom. Further
analysis of the time evolution of the carbon monoxide
orientation (data not shown here) reveals that the projection
of the C–O axis on the porphyrin plane visits all the por-

FIGURE 1 Different axial ligand orientations analyzed for FeP(Im)(O2). The imidazole projection on the porphyrin plane (a 5 bisecting,b 5 eclipsing
Fe–Np, where Np refers to a porphyrin nitrogen) is represented by an empty rectangle and the diatomic molecule by filled spheres.

FIGURE 2 Tilt (dc, do) and bend angles (uo) used to define the structure
of the Fe–CO unit in FeP(Im)(CO).

FIGURE 3 Configurational space sampled by the projection of the car-
bon monoxide ligand on the porphyrin plane. Thex, y axes are aligned with
the porphyrin Fe–Np bonds. (A) carbon atom (B) oxygen atom.
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phyrin 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 Fe–CO unit, with the carbon
monoxide ligand undergoing a fast complex motion within
a very small region around its equilibrium position.

Deviations of the Fe–CO unit from its linear equilibrium
structure are commonly described in terms of the Fe–C–O
tilt (dc) and bend (uo) angles (Collman, 1997; Schlichting et
al., 1994; Yang and Phillips, 1996), depicted in Fig. 2,
which have been traditionally related to the protein discrim-
ination for carbon monoxide. The frequency distribution of
the dc anduo angles obtained from our dynamics is shown
in Fig. 4A. Small fluctuations of these angles during the
MD simulation are quite frequent:dc # 5°, uo # 8°, but
larger deformations are unlikely to occur. This is consistent
with the results of static calculations (Vangberg et al., 1997;
Rovira et al., 1997; Havlin et al., 1998), which have pre-
dicted that smalldc–uo variations raise the energy of the
system by less than 1.5 kcal/mol, approximately the thermal
energy available to the Fe–CO moiety.

However, we should point out that, given the complex
motion of the ligand described above (Fig. 3), the instanta-
neous carbon monoxide position cannot be easily defined
only in terms of thedc anduo angles. To further illustrate
this point, we characterized the trajectory of the carbon
monoxide using thedc anddo angles defined in Fig. 2. Note

that the casedo . dc corresponds to an in-phase combina-
tion of the two angles (i.e., outward bending of the carbon
monoxide). As shown in Fig. 4B, these conformations are
the most frequently observed. However, those characterized
with an inward bending (do , dc) also contribute signifi-
cantly to the carbon monoxide motion. Therefore, care
should be taken when labeling the structure of the Fe–CO
unit with the conventional in-phase combination ofdc and
uo angles. The problem should be best regarded as that of a
highly dynamic Fe–CO moiety, sampling many different
conformations with different probability in a short time.

Concerning the movement of the imidazole, it is domi-
nated by the rotation around the Fe–Ne bond and is much
slower: while Im rotates 180° from its initial position
(which takes place in one ps) the carbon monoxide samples
all porphyrin quadrants. No correlation was observed be-
tween the motion of the two axial ligands, as to be expected
from the static calculations reported in the previous section.
Both clockwise and counterclockwise types of rotation are
found, with frequent changes from one to the other mode of
rotation and without a clear preference for either an over-
lapping or bisecting conformation with respect to the Fe–Np

bonds (Fig. 1,a and b, respectively). Simultaneously, the
porphyrin ring undergoes large amplitude out-of-plane dis-
placements (up to 0.9-Å displacements of the pyrrolic car-
bon atoms are observed). Many peculiar modes of vibration
are excited, like a boat distortion and ruffling of the por-
phyrin ring.

Heme-O2 dynamics

An MD simulation for the oxygen analogue, FeP(Im)(O2),
was performed for a total time of 15.5 ps. As for the carbon
monoxide complex, our main interest was to characterize
the dynamic motion of the O2 and imidazole axial ligands.
To define the orientation of the O2 with respect to the
porphyrin plane, we have used one Np–Fe–O1–O2 torsional
angle (f) and the projection of the O2 center of mass on the
average porphyrin plane.

The evolution of thef angle during the MD simulation is
presented in Fig. 5. During the first period of the simulation,
the O–O axis projection on the porphyrin plane lies on the
first porphyrin quadrant (I) but undergoes large oscillations
between the Fe–N1 and Fe–N2 bonds. After 2.2 ps, the O2
jumps over the Fe–N2 bond toward the second quadrant.
Apparently, the energy accumulated in the Fe–O2 rotational
mode is high enough for the ligand to skip the second and
third quadrants and end up in the fourth quadrant (I3 IV,
counterclockwise). Two more transitions take place at 8 ps
(IV 3 III) and 13.5 ps (III3 IV). All transitions take place
via rotation of O2 around the Fe–O axis and involve a
conformation with a more open Fe–O–O angle (124°) and
the Fe–O bond slightly tilted (3–5°) with respect to thez
axis. The Fe–O2 tilt (d) and Fe–O–O angle (u) show oscil-
lations similar to the ones found for carbon monoxide (d #

FIGURE 4 (A) Frequency distribution of thedo and uc angles in
FeP(Im)CO. The data has been obtained from the last 15 ps of the MD
simulation. The sina correction (a 5 uc, do) has been applied (Kroon and
Kanters, 1974). (B) Values of dc and do obtained in the FeP(Im)(CO)
simulation and their relation.
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10° andu 5 117–130°, as shown in Fig. 6). It is at one of
these oscillation maxima that the transition takes place.
Therefore, our results provide evidence for the Fe–O2 dy-
namic motion proposed to explain the fourfold disorder
found in the crystal structure of picket-fence oxygen sys-
tems (Jameson et al., 1978, Collman, 1997). They also
confirm the fact that the O–O/Fe–N overlapping configura-
tion is the transition state for the dynamic motion of O2

between the porphyrin quadrants (Spartalian et al., 1975;
Mispelter et al., 1983; Oldfield et al., 1991).

Concerning the motion of both axial ligands, we do not
observe any correlation between the movement of the O2

and the conformation of the imidazole (for instance, com-
plete fixing of the Im position for 0.5 ps during the second
picosecond of the simulation did not change the evolution of
the O2 motion), as it was found in the case of the carbon
monoxide analogue. The conformation of Im at each jump
(i.e., when the O–O axis overlaps one Fe–Np bond) is very
similar to a1, b2, a1, and a1 for the first four jumps,
respectively (Fig. 1). The last transition (III3 IV) is
characterized by an almost eclipsing conformation of the
imidazole similar to b1.

It is important to note that the limited time sampled in the
simulation precludes a rigorous statistical analysis of the
rotational motion of O2 about the Fe–O bond and the one of
Im with respect to Fe–Ne. However, it is expected that, for
longer times, the axial ligands would sample all porphyrin
quadrants with equal probability. Thus, as a way to enhance
our signal, we averaged our data over the porphyrin sym-
metry operations. Figure 7A shows the probability distri-
bution corresponding to the O2 center-of-mass projection on
the porphyrin plane. For the sake of comparison, the same
type of distribution for the carbon monoxide ligand is
shown (Fig. 7B). In the case of carbon monoxide, the
distribution is characterized by having a probability maxi-

mum for a small region around the iron. In contrast, the
distribution for the O2 is qualitatively different from that of
carbon monoxide. Four probability maxima are found in
this case, which are concentrated on regions along the
bisector of each Np–Fe–Np quadrant. This conformation
corresponds to the equilibrium structure of the Fe–O2 bond.
The small barrier among the minima (1.2 kcal/mol, as
reported in the section, Static properties) is the reason for
the lack of density in the direction along the Fe–Np bonds.
In contrast, the high energy of a linear Fe–O–O, 15 kcal/mol
(Rovira and Parrinello, 1999), precludes the sampling of
this configuration at room temperature. The shape of the
density pockets of Fig. 7A reflects the frequent oscillations
of the ligand within each quadrant, changing the Np–Fe–
O1–O2 torsional angle. This is consistent with the results of
static calculations that show that the torsion around the
Fe–O bond is a soft degree of freedom. To extract additional
information on the O2 libration from the MD trajectory, the
temporal Fourier transform of the velocity autocorrelation
function for the iron and oxygen atoms was computed. The
torsional mode corresponding to the O2 rotation around

FIGURE 5 Rotation of the O2 ligand around the Fe–O bond in
FeP(Im)(O2) as a function of time. The anglef corresponds to the the
Np–Fe–O–O dihedral angles.

FIGURE 6 Frequency distribution of the tilt (dFe–O) and bend (uFe–O–O)
of the Fe–O2 fragment in FeP(Im)O2.
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Fe–O is indeed characterized by a very low frequency (97
cm21). The Fe–O–O bending is found at 380 cm21. To the
best of our knowledge, this mode has not yet been assigned
for oxymyoglobin, but it has been observed at 273 cm21 in
heme models (Nakamoto, 1990). The O2 stretching fre-
quency obtained (1180 cm21) is very close to the values
reported for MbO2 (1103 cm21; see Momenteau and Reed,
1994).

The closest experimental realization of our model calcu-
lation is the picket-fence oxygen synthetic model (Jameson
et al., 1978). It is therefore important to compare our results
with the reported x-ray structure of the Fe–O2 moiety:
O–O 5 1.15, 1.17 Å, Fe–O5 1.75 Å, ,Fe–O–O5 133,
129°. These data are in apparent disagreement with our
results: O–O5 1.30 Å, Fe–O5 1.96 Å,,Fe–O–O5 123°,
which are obtained by averaging these properties over our
MD run. This could be attributed to the effect of the picket
substituents, but our previous study on FeP(Im)O2 and
oxypicket fence (Rovira and Parrinello, 1999) showed these
effects to be rather small, which rules out this possibility.
However, we can reconcile theory and experiment if we
recall that x-ray experiments do not measure distances and
angles directly, but rather the positions of maximum prob-
ability, from which the other structural properties are de-
duced. We can prove this point from our trajectories, and, in
fact, if we extract distances and angles from the position of
maximum probability, we find O–O5 1.19 Å, Fe–O5 1.72
Å, ,Fe–O–O5 139°, which is in much better agreement
with experiment. Note that the experimentally reported
O–O distances are very surprising because they are smaller
than the reported gas phase value, which, for O2, is 1.23 Å.
Similar considerations hold for the reported data on the
proteins, in which comparison with our results is further
complicated by other affects, such as the presence of resi-
dues close to the heme pocket. In particular, the Fe–O–O
angles reported by x-ray and neutron structures of oxymyo-
globin (115°) (Phillips, 1980; Phillips and Schoenborn,
1981) and oxyhemoglobin (153° for thea subunit and 159°
for the b subunit) (Shaanan, 1983) are quite far from our
average value (123°) and are not sampled in the simulation
(Fig. 6).

In summary, our simulations of FeP(Im)(AB) (AB5 CO,
O2) reveal a picture of highly dynamic axial ligands. In the
case of carbon monoxide, an essentially harmonic dynamics
is found. The carbon monoxide ligand undergoes small,
albeit extremely complex, displacements around its equilib-
rium position and its dynamics is not influenced by the
imidazole ligand. The distributions obtained (Figs. 3, 4, and
7) represent the expected carbon monoxide dynamics in
myoglobin in the absence of interaction with the polypep-
tide framework. This can be useful in the interpretation of
the x-ray and spectroscopic measurements to determine the
average Fe–CO structure, although, as mentioned before,
care should be taken when associating a rigid structure with
the highly dynamic Fe–CO moiety. In particular, the pro-
pensity for the oxygen to bend out from the porphyrin axial
direction should be noted. Further interactions within the
heme pocket could perturb the distributions reported here.
For instance, a weak hydrogen bond (Unno et al., 1998) or
an electrostatic interaction with His-64 would probably lead
to the nonequivalence of the distribution of Fig. 7A over the
four porphyrin quadrants.

FIGURE 7 (A) Frequency distribution of the O2 center of mass projec-
tion on the average plane defined by the four porphyrin nitrogens. The
porphyrin Fe–Np bonds are oriented along thex, y axis. (B) Analogous
distribution for the projection of the carbon monoxide center of mass in
FeP(Im)(CO).
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In the case of FeP(Im)(O2), our simulation reveals a
highly anharmonic dynamics for the O2 ligand, which un-
dergoes large amplitude oscillations within one porphyrin
quadrant and jumps from one to the other every 4–6 ps.
This is consistent with the highly dynamic nature of O2

bound to heme proposed by several experiments in proteins
and synthetic models (Jameson et al., 1978; Bowen et al.,
1997; Spartalian et al., 1975; Mispelter et al., 1983; Oldfield
et al., 1991) especially those that lack a hydrogen bond at
the terminal oxygen. Ligand rotation in these models has
been shown to occur by nuclear magnetic resonance exper-
iments (Mispelter et al., 1983; Oldfield et al., 1991), on the
basis of the equivalence of the pyrrole proton resonances.
Our results suggest that, for a nonhydrogen bonded O2,
precise determination of the rate of rotation would require
picosecond time resolution.

In contrast, a possible hydrogen bond with His-64, which
has been suggested several times as the origin of the dis-
crimination between carbon monoxide and O2, would alter
this picture. In this respect, restriction of the librational
motion of the bound ligand caused by hydrogen bonding has
been discussed in relation with the loss of entropy upon O2

binding to myoglobin (Filiaci and Nienhaus, 1997). Given
the low frequency of the torsional mode of O2 rotation (97
cm21), a weak hydrogen bond to His-64 (Phillips and
Schoenborn, 1981; Shaanan, 1983) is indeed very likely to
slow down the rotational motion of the ligand.

CONCLUSIONS

The room temperature motion of ligand binding to heme has
been depicted by means of Car–Parrinello MD simulations
on FeP(Im)(CO) and FeP(Im)(O2) models. Our results il-
lustrate the fluxionality of the Fe–CO and Fe–O2 bonds in
the absence of the protein environment. From a technical
point of view, they provide a reference that can be used to
interpret future QM/MM calculations aimed at quantifying
the role of the protein framework. The simulations reported
here reflect a quite rigid Fe–CO bond, which undergoes
little distortion around its equilibrium position. Rotation of
the imidazole axial ligand around the Fe–Ne bond is also
observed, in agreement with experiments on heme models
with imidazole-based axial ligands. Several features are
shared with the analogous O2 model, but the bent Fe–O2
bond shows a preference for a bisecting conformation,
jumping over one Fe–Np bond toward a different porphyrin
quadrant within 4–6 ps. Oscillations of the Fe–O2 tilt and
bend angles are quite large and, because of the anharmo-
nicity of the Fe–O2 motion, results obtained by an averaging
value analysis might differ from those obtained from the
maximum probability position. This reconciles the values
reported in x-ray analysis with the average values we obtain
in the dynamics. The rotational motion of the ligand is
characterized by a frequency mode at 97 cm21. Given this
low value, the axial rotation of O2 would probably be

slowed down by a weak hydrogen bond with His-64. Thus,
in the case of MbO2 anda-HbO2 (Phillips and Schoenborn,
1981; Shaanan, 1983), only one of the quadrants would
probably be selected.
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