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Abstract

The hybrid density functional B3LYP is used to describe the bonding of the diatomic molecules O2, NO and CO to ferrous heme.
Three different models are used, a five-coordinated porphyrin in benzene, the myoglobin active site including the distal histidine and
the binuclear center in cytochrome oxidase. The geometric and electronic structures are well described by the B3LYP functional,
while experimental binding energies are more difficult to reproduce. It is found that the CuB center in cytochrome oxidase has a
similar effect on the binding of the diatomics as the distal histidine in myoglobin.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Enzymes normally recognize substrates by their
shape and polarity. This is, however, very difficult in
the case of the diatomic molecules O2, NO and CO,
since they are very similar in this respect. The mecha-
nism of discrimination between these molecules is espe-
cially important for dioxygen binding enzymes in the
respiratory chain, since these enzymes must favor the
binding of dioxygen compared to both nitric oxide and
carbon monoxide to avoid suffocation. Both NO and
CO have a high affinity for ferrous iron. NO binds rap-
idly both to iron ions in solution and to iron complexes
in enzymes, such as iron–sulfur clusters and heme
groups [1]. In the present study the binding of these dia-
tomic molecules to two important proteins, cytochrome
oxidase and myoglobin, will be discussed.

Cytochrome oxidase is the terminal enzyme in the
respiratory chain catalyzing the reduction of dioxygen
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to water. This exergonic reaction is coupled to the trans-
location of protons across the mitochondrial inner mem-
brane and the redox energy is converted into the proton
motive force, which drives the synthesis of ATP. Four
redox active metal centers are present in the enzyme.
The electron, coming from the substrate cytochrome c

in eukaryotes, enters at CuA and goes via heme a to
the binuclear center, heme a3-CuB, where it is used in
the reduction of O2.

The main event in the catalytic cycle of cytochrome
oxidase is the cleavage of the O–O bond. Molecular oxy-
gen coordinates to the ferrous heme in the reduced form
of the binuclear center, forming the spectroscopically
characterized compound A. The mechanism for the O–
O bond cleavage step has been studied theoretically
[2,3] (M.R.A. Blomberg and P.E.M. Siegbahn, to be
published), and the calculations indicate that only with
an extra positive charge (proton) present in or close to
the binuclear center the barrier is low enough to agree
with the experimental life time of compound A. The
most important, but also the most difficult problem of
cytochrome oxidase, is the mechanism of the proton
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translocation. In particular, it is difficult to understand
how the protons can be allowed to move across the
membrane against the gradient potential, but must not
be allowed to move the other way, which is thermody-
namically more favorable. Several suggestions have been
made [4–11], and the general view has been that there
must be a pathway that is open at certain occasions
and closed at others. This has been termed proton gat-
ing. Theoretical studies have suggested a different ap-
proach, where the protons are thermodynamically
guided towards a proton pumping site [12] (M.R.A.
Blomberg and P.E.M. Siegbahn, to be published).

Even though dioxygen is the natural substrate, NO is
known to inhibit cytochrome c oxidase reversibly by
competing with O2 for the binuclear center binding site.
At high concentrations, long exposure times or after
conversion of NO to one of its oxides like peroxynitrite,
the respiratory chain is irreversibly inhibited. It has been
shown that NO actually can be reduced by some heme-
copper oxidases, such as the cytochrome ba3- and cyto-
chrome caa3-type oxidases in Thermus thermophilus [13],
cytochrome cbb3 type oxidase of Paracoccus stutzeri [14]
and also by the quinol bo3 oxidase in Escherichia coli

[15]. The inhibition of cytochrome oxidase by NO can
be the explanation for the observed lower KM for O2

in whole cells compared to isolated mitochondria [16],
and it has been suggested that the NO concentration
in mitochondria controls the respiration rate. The fact
that CO binds strongly to Fe(II) is used in experiments
on cytochrome oxidases to trap the enzyme in the fully
reduced state. After adding the dioxygen substrate, the
CO molecule is flashed off, and the reaction starting
from the fully reduced state can be studied.

Myoglobin (Mb) is a small monomeric enzyme clo-
sely related to hemoglobin, the O2 carrier in red blood
cells. Mb, which binds molecular oxygen reversibly, is
known to work both as a dioxygen storage and as a
facilitator of the diffusion of O2 from the capillaries to
the mitochondria. Mb contains one heme active site
responsible for the O2 binding. The heme iron is coordi-
nated to a proximal histidine (His93) making the iron
five coordinated with a free binding site for dioxygen.
Above the free binding site a so called distal histidine
(His64) is located, which can form a hydrogen bond to
the sixth iron ligand. One of the key features of the distal
histidine is to discern between O2, NO and CO, favoring
O2 by mainly electrostatic interactions [17]. Without the
distal histidine the low concentration of CO produced
by different catabolic processes in the body would inhi-
bit the enzyme and lead to suffocation.

In the past decades the importance of NO working as
an intercellular messenger molecule regulating a number
of physiological functions has been discovered. In
eukaryotic cells NO is produced by nitric oxide synthase
(NOS) which uses the substrates O2 and arginine. One of
the degradation routes for NO is the reaction of NO
with hemoglobin [18]. As mentioned above, NO is also
known to inhibit important enzymatic processes, and
furthermore it is involved in the oxidation and nitration
processes, that damage proteins [19,20] and DNA [21].
NO reacts at almost diffusion controlled rate with super-
oxide forming peroxynitrite [22], and peroxynitrite, in
turn, is believed to be responsible for the nitrating and
oxidative damage observed at high NO concentrations.
This reaction led to the suggestion that, due to the
superoxide character of heme bound O2, NO could react
with oxy-Mb. The reaction mechanism for this process
has been investigated in a theoretical study, showing
that the reaction between NO and oxy-Mb leads to a
short-lived peroxynitrite intermediate coordinated to a
ferric heme iron. The O–O bond in peroxynitrite is bro-
ken homolytically forming an NO2-radical, and the
heme is oxidized to oxo-Fe(IV). The NO2-radical at-
tacks the Fe(IV)@O in a rebound type of mechanism
forming nitrate. All the reaction steps have low barriers
showing that the reaction between NO and oxy-Mb
should be an efficient way of scavenging NO [23].

NO is also the substrate of the nitric oxide reductase
(NOR) which is a part of the denitrification chain. At
low dioxygen levels, insufficient to use O2 as the electron
acceptor in respiration, anaerobic bacteria can use NO�

3

to produce ATP in a similar way. Nitric oxide reductase
is a part of this chain of enzymes reducing nitrate. NOR
and cytochrome oxidase are believed to have a common
ancestor and have similar structures. One of the major
differences is in the binuclear center, consisting of an
Fe–CuB center in cytochrome oxidases, while in NOR
CuB is exchanged by a non-heme iron. Some cyto-
chrome oxidases show NOR activity, and the mecha-
nism for the reduction of two equivalents of NO to
nitrous oxide (N2O) and water in a ba3-type of heme-
copper oxidase has been investigated theoretically
(L.M. Blomberg, M.R.A. Blomberg and P.E.M. Sieg-
bahn, to be published). The corresponding reduction
of NO in NOR is furthermore under investigation
(L.M. Blomberg, M.R.A. Blomberg and P.E.M.
Siegbahn).

Numerous different porphyrins have been synthe-
sized, and since the most common axial ligand coordi-
nating to heme groups in enzymes is histidine, the
synthetic porphyrins often have an imidazole coordinat-
ing to the iron. These model porphyrins have been used
experimentally to gain more knowledge about the prop-
erties and functioning of heme groups in enzymes.
Among other things the binding of small diatomics
has been studied [17].

The binding of O2, NO and CO to heme iron is of
great importance, since this binding is either the initia-
tion of the chemical reactions described above, or the
inhibition of those reactions, and a thorough investiga-
tion of the binding properties of these diatomic mole-
cules is needed. Below some results from density
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functional studies of the binding of O2, NO and CO to
different heme models are summarized. The three mod-
els used are a pure five coordinated porphyrin, the heme
binding site in myoglobin including the distal histidine,
and the binuclear center in cytochrome oxidase. In this
way also the effects of the surroundings on the ligand
binding are explored.
Fig. 2. The active site of the horse heart myoglobin.
2. Model

In the present study the crystal structure of a ba3-type
heme-copper oxidase [24] of the prokaryote T. thermo-

philus has been used as a starting point modeling the
active site of a cytochrome oxidase, see Fig. 1. Further-
more, the crystal structure of horse heart myoglobin [25]
was used as a starting point modeling the active site of
myoglobin, see Fig. 2.

The overall structure surrounding the binuclear cen-
ter (a3-CuB) in the ba3-type oxidase is very similar to
the aa3-type in mammals (bovine heart) and bacteria
Paracoccus denitrificans and Rhodobactor sphaeroides.
CuB is coordinated to three histidines, His282, His283
and His233, where His233 is covalently bound to
Tyr237. Heme a3 is coordinated to His384 and propio-
nate A is hydrogen bonding to His376 and Asp372
and propionate D to Arg449, see Fig. 1.

In the present study the heme group is always mod-
eled as a porphyrin ring without substituents. In the
model of the cytochrome oxidase active site the proxi-
mal His384 is modeled as a 4-ethylimidazole with the
a-carbon of the histidine frozen. His233 is modeled as
Fig. 1. The binuclear active site of the ba3-ty
a 1-methyl-4-ethyl-imidazole with the a-carbon and the
Tyr237 meta-carbon frozen. The two adjacent His282
and His283 and the backbone between them are incor-
porated into the model with the peptide nitrogen frozen.
All frozen coordinates are taken from the crystal
structure.

In the model of the myoglobin active site the proxi-
mal histidine is modeled as ammonia which is a well
pe of oxidase in Thermus thermophilus.
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tested model of imidazoles coordinated to heme. The
distal histidine is modeled as a 4-ethylimidazole with
the a-carbon frozen according to the crystal structure.
The five coordinated porphyrin model is identical to
the model of myoglobin omitting the distal histidine.
3. Methods

The geometries were optimized using Becke�s [26]
three parameter hybrid exchange functional combined
with the Lee–Yang–Parr [27] correlation functional
(B3LYP). The calculations were performed using the
Gaussian 03 [28] and Jaguar [29] programs. The geome-
tries were optimized with the lacvp double-f quality ba-
sis set implemented in JAGUAR [29], with an effective
core potential (ECP) on iron and copper. The open shell
systems were treated using unrestricted B3LYP.

The final energies for the optimized geometries were
evaluated using the B3LYP functional and the
lacv3p**+ basis set of JAGUAR, which is a triple-f basis
set with ECP on the metals and includes one diffuse func-
tion on the heavy atoms and one polarization function
on all atoms except on the metal ions. For iron an
f-function was included in the calculations on the small
porphyrin model. The effect of the f-function on the
binding energy of O2, NO and CO, respectively, was used
to correct the corresponding binding energies in the mod-
els of myoglobin and cytochrome oxidase. The dielectric
effects from the surrounding environment were obtained
for all stationary points using the Jaguar self-consistent
reaction field method [30] using the lacv3p**+ basis set
for the porphyrin and myoglobin models and the lacvp
basis set for the cytochrome oxidase model. In the active
site models of myoglobin and cytochrome oxidase the
dielectric constant was set equal to four, which corre-
sponds to a dielectric constant of about three for the pro-
tein and 80 for the water medium surrounding the
protein [31]. The probe radius of the solvent was set to
1.4 Å, which corresponds to a water molecule. In the
model porphyrin experiments benzene was used as sol-
vent, and therefore, in the calculations on the pure por-
phyrin model the dielectric constant was set equal to
2.28 and the probe radius was 2.60 Å.

Density functional theory (DFT) does not describe
low spin open-shell systems correctly, but the too high
energy of the low-spin state can be corrected by calculat-
ing also the state with the highest MS value. A J-value
can then be obtained using the Heisenberg Hamiltonian
formalism [32]. In the present study, dioxygen bound to
the ferrous heme iron is known to be an open shell sin-
glet, which is reproduced in the calculations. In the sin-
glet–triplet case the J-value corresponds to twice the
calculated energy difference between the triplet and
open-shell singlet (broken symmetry) states. In the pres-
ent study the calculated J-value for the porphyrin, myo-
globin and cytochrome oxidase models are 5.0, 10.1 and
6.0 kcal/mol, respectively. All Fe(II)-O2 energies are cor-
rected by subtracting J/2 from the calculated open-shell
singlet energies.

The accuracy of the B3LYP functional has been
tested in the extended G3 benchmark set [33], which
consists of enthalpies of formation, ionization poten-
tials, electron affinities and proton affinities for mole-
cules containing first- and second-row atoms. The
B3LYP functional gives an average error of 4.3
kcal/mol [33] for 376 different molecules. Due to the lack
of accurate experimental data for transition metals there
are few benchmark tests. Normal metal–ligand bond
strengths indicate that the errors are slightly larger, 3–
5 kcal/mol [34]. Different aspects of modeling enzyme
active sites are described in recent reviews [35,36].

The relative energies discussed below are Gibb�s free
energies with the solvent effects included. However,
due to the freezing of certain structural parameters, en-
tropy effects could not be obtained from Hessian calcu-
lations, and therefore a standard DDG correction of
10 kcal/mol for the binding of a diatomic molecule is
used.
4. Results

The high affinity of Fe(II) for NO and CO makes
them potent inhibitors for all ferrous heme iron enzymes
and the discrimination between O2 on one side and NO
and CO on the other is of great importance for all fer-
rous iron enzymes binding dioxygen. The binding of
O2, NO and CO to ferrous porphyrin systems have been
studied extensively both experimentally [17–40] and the-
oretically [40–47]. Compared to the earlier theoretical
studies the present investigation is extended by incorpo-
rating the binding of NO in myoglobin and all three dia-
tomic ligands in cytochrome oxidase. The binding
energies and structural features are compared between
the models and the influence of the distal side of the
heme is discussed.

4.1. Coordination of O2, NO and CO to the porphyrin,

myoglobin and cytochrome oxidase

Dioxygen is known to form the weakest bond to fer-
rous iron among the three studied diatomic molecules.
The bent geometry can be explained by a favorable
interaction between the p*-orbital of the dioxygen and
the dz2 -orbital on the iron [48]. The p*-orbital of dioxy-
gen is closer in energy to the iron dz2 -orbital compared
to the p*-orbitals in iron bound NO and CO, and there-
fore it gains more energy by bending, which increases
the overlap. The structure of O2 bound to the ferrous
heme iron in the three models are shown in Figs. 3(a),
4(a) and 5.



Fig. 3. (a) The binding of molecular oxygen, (b) nitric oxide and (c) carbon monoxide to a five coordinated porphyrin.

Fig. 4. (a) The binding of molecular oxygen, (b) nitric oxide and (c) carbon monoxide to the myoglobin active site.

Fig. 5. The binding of molecular oxygen in the binuclear center.

L.M. Blomberg et al. / Journal of Inorganic Biochemistry 99 (2005) 949–958 953
The differences in bond distances, angles and spin dis-
tributions are very small for the three different models,
see Table 1. The Fe–O2 bond distance varies only
slightly from 1.88 to 1.90 Å and similarly the changes
in the Fe–O–O angle are small (116–118�). The O–O
bond distance varies between 1.35 and 1.37 Å. Molecu-
lar oxygen coordinated to a heme iron has an O–O bond
length in between dioxygen and peroxide and can be re-
garded as a superoxide coordinated to a ferric iron. The
spin distribution clearly shows that the iron is oxidized
to a low spin Fe(III) which is antiferromagnetically cou-
pled to the unpaired electron located on the two oxygens
of superoxide. The main difference for the investigated
model systems is the spin population on the primary
oxygen which decreases from �0.68 in porphyrin to
�0.64 and �0.58 in myoglobin and cytochrome oxidase,
respectively. The charge on the O2-moiety is small in all
the models used in the present study and thus also the
difference between them, see Table 1. The tabulated val-
ues are from the gas phase calculation, and when a
dielectric medium is included the negative charge on
O2 increases slightly, the largest value being �0.21.
The hydrogen bond in Mb and the electrostatic interac-
tion with CuB seems to have similar effects on the elec-
tronic structure of heme bound O2 increasing the spin
on the primary oxygen slightly.



Table 1
Structural parameters, charge and spin populations of O2 binding to
porphyrin, myoglobin and cytochrome oxidase

Porphyrin Myoglobin Cytochrome
oxidase

r(O2� � �His/O2� � �CuB) (Å) – 1.85 2.12
r(Fe–O) (Å) 1.89 1.88 1.90
r(O–O) (Å) 1.35 1.36 1.37
a(Fe–O–O) 118.1� 116.6� 117.3�
Mulliken charge O2 �0.09 �0.15 0.05
Mulliken spin
population (Fe)

1.12 1.10 1.11

Mulliken spin
population (O (2�))

�0.35 �0.38 �0.39

Mulliken spin
population (O (1�))

�0.68 �0.64 �0.58

Table 2
Structural parameters, charge and spin populations of NO binding to
porphyrin, myoglobin and cytochrome oxidase

Porphyrin Myoglobin Cytochrome
oxidase

r(NO� � �His/NO� � �CuB) (Å) – 1.97 2.41
r(Fe–N) (Å) 1.82 1.81 1.81
r(N–O) (Å) 1.20 1.21 1.22
a(Fe–N–O) 142.0� 138.1� 140.4�
Mulliken charge NO �0.06 �0.11 0.05
Mulliken spin

population (Fe)
�0.05 0.19 0.30

Mulliken spin
population (N)

�0.58 �0.71 �0.76

Mulliken spin
population (O)

�0.34 �0.41 �0.45
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Nitric oxide bound to ferrous heme also has a bent
structure, but here the angle is larger since the energy
of its p*-orbital differs compared to the dz2 -orbital on
iron, decreasing the stabilization gained by increasing
the overlap, see Figs. 3(b), 4(b) and 6. The angle is in-
creased from 116-118� for heme bound O2 to 138–142�
for NO, see Tables 1 and 2. Similarly to the structural
changes of the O2 coordination in the different models,
the changes in the geometry of the coordinated NO
are minor, see Table 2. The charge on the NO-moiety
is also very small, and changes only slightly between
the models of myoglobin and cytochrome oxidase. The
incorporation of the distal histidine in myoglobin and
Fig. 6. The binding of nitric oxide in the binuclear center.
CuB in cytochrome oxidase increases the oxidation of
the heme iron and reduces NO to more NO� character.
From being essentially not oxidized at all in the porphy-
rin model the spin population on iron increases to 0.19
in myoglobin and 0.30 in cytochrome oxidase. The oxi-
dation of the ferrous iron to a more ferric state reduces
NO and the spin on both the nitrogen and oxygen in-
creases from �0.58 and �0.34 in the porphyrin model
to more triplet character with a spin population of
�0.76 and �0.45 in the cytochrome oxidase model, see
Table 2.

In contrast to O2 and NO, CO has an almost straight
geometry in all models, see Figs. 3(c), 4(c) and 7 and
Table 3. The difference in energy between the p*-orbital
Fig. 7. The binding of carbon monoxide in the binuclear center.



Table 3
Structural parameters, charge and spin populations of CO binding to
porphyrin, myoglobin and cytochrome oxidase

Porphyrin Myoglobin Cytochrome
oxidase

r(CO� � �His/CO� � �CuB) (Å) – 2.17 2.57
r(Fe–C) (Å) 1.80 1.78 1.78
r(C–O) (Å) 1.17 1.17 1.17
a(Fe–C–O) 179.9� 176.2� 179.6�
Mulliken charge CO �0.18 �0.15 0.01

Table 5
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of CO and the d2
z -orbital of iron is larger than for NO

and O2 and there is no stabilization gained by bending
[48]. The distal side of the heme has almost no effect
on the bond distances and angles of CO. The Fe–C bond
distance varies between 1.78 and 1.80 Å and the C–O
bond distance does not change (1.17 Å). The Fe–C–O
angle varies in the range 176–180�. The charge on the
CO-moiety is small and hardly changes in the different
models, see Table 3.

The general picture given above for the binding of O2,
NO and CO to hemes is in good agreement with exper-
imental information as well as with previous theoretical
studies [42,43,40,41,45–47]. One exception is a recent
study where the picture of the binding obtained by
B3LYP was compared to the one given by CASSCF,
which is an ab initio method capable of handling near
degeneracy effects [44]. It was concluded that B3LYP
fails to give the correct picture of the binding of O2 to
a porphyrin complex. However, this conclusion has been
revised in an erratum in the present issue [49].

4.2. Binding energies of O2, NO and CO in porphyrin,

myoglobin and cytochrome oxidase

Whereas the general picture of the bonding and struc-
ture for O2, NO and CO to the ferrous heme was rela-
tively easily obtained with satisfactory results, the
situation for the bond dissociation energies turned out
to be much more difficult. Surprisingly large deviations
to experimental trends were in fact obtained. It must
in this context be remembered that a comparison be-
tween calculated and experimental energies is far from
straightforward but requires several assumptions, see
below. The calculated Gibbs free energies of binding
to the ferrous heme in porphyrin, myoglobin and cyto-
chrome oxidase are listed in Table 4. The binuclear cen-
Table 4
Calculated Gibbs free energy of binding for O2, NO and CO in
porphyrin, myoglobin and cytochrome oxidase

Fe–O2

(kcal/mol)
Fe–NO
(kcal/mol)

Fe–CO
(kcal/mol)

Porphyrin 2.4 �2.5 �6.9
Myoglobin �8.1 �2.8 �6.2
Cytochrome oxidase �4.1 �1.3 �4.2
ter in cytochrome oxidase is in its fully reduced state
Fe(II)–CuB(I).

To be able to compare the computed binding energies
with experimental results the experimental data have
been analyzed. The many studies made on both heme
enzymes and porphyrin model systems give several
experimental results to which the calculated binding
energies can be compared. From dissociation rate con-
stants of the diatomic ligands, dissociation barriers can
be calculated using transition state theory. Dissociation
barriers for the ligands O2, NO and CO are listed in Ta-
ble 5 for the systems where experimental data are avail-
able. Experimental equilibrium constants can be used to
calculate relative binding energies. Both the relative
binding energy for different ligands in the same system
and for the same ligand in different systems can be eval-
uated. For example, the ratio of the equilibrium con-
stants for CO and O2 in myoglobin is KCO=KO2

¼ 25,
which means that CO binds 1.9 kcal/mol stronger than
O2 in ferrous myoglobin. These types of relative binding
energies are listed in Table 6. In the same way the rela-
tive binding energies for the same ligand in different sys-
tems can be evaluated, see Table 7.

A rough value of the absolute binding energies for the
ligands can be obtained from the experimental dissocia-
tion barriers by assuming that the barriers for the asso-
ciation of the diatomic molecules are similar for all
ligands and systems. The similar size and polarity of
the three diatomic molecules support this assumption
at a qualitative level. Another assumption is that the
height of the association barriers is estimated to be
around 10 kcal/mol, which corresponds to the rough
loss of entropy when binding a diatomic molecule. The
loss of entropy in the transition state for the binding
of a diatomic molecule with a low enthalpy barrier has
in previous theoretical studies been shown to be similar
to the entropy loss for the bound molecule [50,23]. Thus,
by subtracting 10 kcal/mol from the dissociation barri-
ers a rough estimate of the absolute binding energy of
the diatomic ligands is obtained, see Table 5. A way of
testing the assumption that the association barriers are
similar for all three ligands in the different systems is
to use the binding energies obtained to calculate the rel-
ative values, and compare them with the relative binding
Experimental dissociation barriers and estimated binding energies for
O2, NO and CO [17,38]

Dissoc. barrier Estimated bind. DGb

O2 NO CO O2 NO CO

Chelated protohemea 12.3 – – �2.3 – –
Myoglobin 16.1 22.8 18.5 �6.1 �12.8 �8.5
Cytochrome oxidase – 18.7 19.7 � �8.7 �9.7

a Mono-3-(1-imidazoyl)-propylamide monomethyl ester.
b Calculated from the dissociation barriers by assuming that the

barrier for binding the ligands to the heme iron is 10 kcal/mol.



Table 7
Relative binding energies in porphyrin, myoglobin and cytochrome oxidase for each of the molecules O2, NO and CO

Relative binding energies

Myoglobin/porphyrin Myoglobin/cytochrome oxidase

Expr. Calc. Expr. Calc.

O2 �2.5 �10.5 – �4.0
NO ±1a �0.3 �3.0 �1.5
CO +1.5 +0.7 +0.1 �2.0

a Relative binding energy of NO in apolar distal histidine mutants.

Table 6
Relative binding energies comparing the molecules O2, NO and CO

Expr. rel. bind. DG Calc. rel. bind. DG

CO/O2 NO/O2 NO/CO CO/O2 NO/O2 NO/CO

Chelated protohemea �5.8 – – �9.3 �4.9 +4.4
Myoglobin �1.9 �7.1 �5.2 +1.9 +5.3 +3.4
Cytochrome oxidase – – �3.2 +0.1 +2.8 +2.9

The experimental relative binding energies are calculated from equilibrium constants.
a Mono-3-(1-imidazoyl)-propylamide monomethyl ester.
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energies calculated from the equilibrium constants. In
most cases these relative binding energies differ by only
1 kcal/mol from each other. However, cytochrome oxi-
dase is an exception, where the relative bond strength
for NO/CO calculated from the equilibrium constants
is �3.2 kcal/mol, whereas the corresponding value cal-
culated from the approximate experimental bond
strengths listed in Table 6 is +1.0 kcal/mol. This result
indicates that the barrier for binding CO in cytochrome
oxidase should be higher than the corresponding barrier
for binding NO and it also implies that the binding en-
ergy of CO in cytochrome oxidase in Table 5 could be
overestimated.

Comparing the estimated experimental values for the
Gibbs free energy of binding with the calculated values
shows that the calculated binding energies for O2 and
CO deviates by less than 6 kcal/mol from the experi-
mental values, while the bond strength of NO deviates
with 8–11 kcal/mol, see Tables 4 and 5. Note that the
same entropy correction is used both to estimate the
experimental binding energies and correcting the calcu-
lated binding energies. This makes the comparison less
sensitive to the choice of the size of the correction as
long as the assumption that the difference in entropy
between the transition state and the bound state is
small. In a previous study Rovira et al. [43] calculated
the bond strengths of O2, NO and CO to a porphyrin
model very similar to the one used in the present study.
Their calculated enthalpy bond strengths are 15, 36 and
35 kcal/mol for O2, NO and CO, respectively. Adding
the approximative entropy loss for binding diatomic
molecules, the Gibbs free energies of binding would
be �5, �26 and �25 kcal/mol for O2, NO and CO,
respectively. These results can be compared to the cor-
responding values obtained for the porphyrin model in
the present study, which are 2.4, �2.5 and �6.9 kcal/
mol for O2, NO and CO, respectively (Table 4), show-
ing the extreme sensitivity to the choice of DFT
method. Rovira et al. [43] used a gradient corrected
density functional without Hartree–Fock exchange
which is known to give too large binding energies for
metal–ligand bonds [34]. In the present study, a hybrid
density functional have been used which instead can be
expected to give too small binding energies which is
consistent with the fact that van der Waals attraction
is missing in DFT methods. By decreasing the amount
of Hartree–Fock exchange the metal–ligand bond
strength increases, and the bond strength difference be-
tween NO and CO decreases indicating that an interpo-
lation to a non-hybrid DFT method would go towards
the results of Rovira et al. [43].

The relative binding energies of O2, NO and CO to
ferrous iron are of large importance since it is the differ-
ence in bond strength that discriminates between the
diatomic molecules. The binding energy for O2 is known
to vary depending on the polarity of the Fe–O2 moiety
surroundings, while NO and CO are much less affected.
The binding of O2 and CO to myoglobin have been stud-
ied both experimentally and theoretically showing that
hydrogen bonding to the distal histidine stabilizes O2

bound to the ferrous iron more than CO which is crucial
for favoring the binding of O2. The relative equilibrium
constants KCO=KO2

¼ 25 for myoglobin can be com-
pared with KCO=KO2

¼ 22; 000 for a free porphyrin in
benzene, which corresponds to a relative change in affin-
ity for CO/O2 of 4.0 kcal/mol, that is the binding of O2

being favored by 4.0 kcal/mol more than CO by the
presence of the distal histidine. The calculated effect of
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incorporating the distal histidine hydrogen bonding to
the heme bound O2 and CO can be seen in Table 7.
The calculated relative change in bond strength for
CO/O2 is 11.2 kcal/mol. Sigfridsson and Ryde [41] used
a very similar model of myoglobin and calculated a cor-
responding value of 7 kcal/mol. However, the proce-
dures used to calculate the effect of the distal histidine
differ between the present study and the one by Sigfrids-
son and Ryde, and the details of the deviations between
the two calculations are under investigation. The pres-
ently calculated stabilization of the Fe(II)–O2 moiety
by the distal histidine is also overestimated when com-
pared to the experimental effect of 4.0 kcal/mol. The cal-
culated binding energy of CO decreases by 0.7 kcal/mol
in the presence of the distal histidine, which is quite sim-
ilar to the experimental decrease in bond strength of
1.5 kcal/mol [17], see Table 7. The calculated change
in binding energy for O2 by incorporating the distal his-
tidine is an increase by 10.5 kcal/mol, thus significantly
larger than the experimental increase of 2.5 kcal/mol
[17], see Table 7. Since the accuracy of B3LYP for
describing a hydrogen bonding effect is expected to be
much better than this, the origin of the discrepancy be-
tween the calculated and experimental effect is likely due
to the chemical model used. A possible explanation
could be that before O2 enters, the distal histidine is in-
volved in a hydrogen bond to a group not included in
the present model and this bond has to be broken to
form the hydrogen bond to O2. Calculations are in pro-
gress to investigate this possibility. In the case of NO the
calculated binding to the ferrous iron is only stabilized
by 1.0 kcal/mol by the presence of the hydrogen bond
to the distal histidine in myoglobin. This results fits
rather well with the experimental observation that
mutating the distal histidine to an apolar amino acid
has only minor effects on the equilibrium constant of
NO, corresponding to a change in binding energy of
±1 kcal/mol [17], see Table 7.

Comparing the experimental binding energies of O2,
NO and CO in myoglobin and cytochrome oxidase,
shows that both the absolute bond strengths and the
trends between the different ligands are similar for the
two systems, see Table 5. This implies that CuB stabi-
lizes O2, NO and CO in the same way and to a similar
extent as the distal histidine in myoglobin, a trend that
is reproduced by the calculations, see Table 4. How-
ever, the order in the bond strength of O2, NO and
CO cannot be reproduced neither in cytochrome oxi-
dase nor in myoglobin. Consequently, the relative bind-
ing energies for the three diatomic ligands deviate
surprisingly much from the relative energies calculated
from the experimental equilibrium constants. The cal-
culated and experimental relative binding energies
are listed in Table 6. Experimentally NO binds 7.1
kcal/mol stronger than O2 to the ferrous iron in myo-
globin, whereas CO binds 1.9 kcal/mol stronger than
O2. In the calculations on the other hand NO binds
4.5 kcal/mol weaker than O2 to the heme in myoglobin
while CO binds 0.5 kcal/mol weaker, see Table 4. Com-
paring the calculated and experimental relative binding
energies in myoglobin shows that the relative bond
strengths of O2 and CO are quite well reproduced
whereas NO binds too weakly to the heme in myoglo-
bin. The underestimation of the bond strength of NO
to the ferrous heme is the largest error compared to
the experiments.

The changes in the binding energies for O2, NO and
CO between the different systems are quite well repro-
duced in the calculations as can be seen from Table 7.
The largest deviation is for dioxygen where the stabiliza-
tion by the distal histidine is overestimated, which was
discussed above.
5. Summary

The binding of the diatomics O2, NO and CO to fer-
rous heme enzymes is important for the understanding
of the mechanisms for discrimination between these dia-
tomic molecules. In the present study the Gibbs free
binding energies of O2, NO and CO have been calcu-
lated for models of three different system, a free porphy-
rin in benzene, myoglobin and cytochrome oxidase. The
two enzymes are of large importance for respiration and
thereby for ATP synthesis. To reproduce the relative
binding energies and even the order in bond strengths
for these diatomic molecules turned out to be more dif-
ficult than expected. The relative bond strengths of O2

and CO are quite well reproduced in the calculations
whereas NO binds too weakly. Also the absolute bind-
ing energies for CO and O2 are reasonably well repro-
duced, being 2–5 kcal/mol too small, which is expected
since van der Waals interaction is not included in
DFT. The largest error compared to the experimental
results is obtained for NO, where the underestimation
of the bond strength to the ferrous heme is on the order
of 10 kcal/mol. At present there is no reasonable expla-
nation for this large error. However, it should be noted
that these weak metal ligand bonds are particularly
complicated and difficult to describe, in contrast to
stronger more covalent types of bonds, where the errors
in the calculations have been found to be significantly
smaller [51].

The variations in the binding energy of each of the
three diatomic molecules between the different model
systems are also quite well reproduced compared to
experiments, with one important exception. The calcu-
lated effect on the binding energy of O2 from the distal
histidine in myoglobin is much larger than what is ex-
pected from the experimental results. This exaggerated
increase in binding energy of O2 might be explained
by deficiencies in the myoglobin model used. It may be
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necessary to include additional hydrogen bonding
groups in the model. The calculations furthermore show
that CuB in cytochrome oxidase has a similar effect on
the binding energies of O2, NO and CO as the distal his-
tidine in myoglobin.

Concerning the binding of O2, NO and CO to ferrous
heme enzymes two main problems with the theoretical
treatment must be further investigated, these are the
too weak bonding of the NO molecule to ferrous heme
and the too large effect of the distal histidine on the
O2 binding in the myoglobin model.
Appendix A. Supplementary data

The cartesian coordinates of the structures shown in
Figs. 3–7 can be found in the online version at
doi:10.1016/j.jinorgbio.2005.02.014.
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