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Abstract

Combined quantum chemical and molecular mechanics geometry optimisations have been 

performed on myoglobin without or with O2 or CO bound to the haem group. The results 

show that the distal histidine residue is protonated on the N� �
 atom and forms a hydrogen 

bond to the haem ligand both in the O2 and the CO complexes. We have also re-refined the 

crystal structure of CO-myoglobin by a combined quantum chemical and crystallographic 

refinement. Thereby, we obtain the probably most accurate available structure of the active 

site of this complex, showing a Fe-C-O angle of 174° and a Fe-C bond length of 171 pm. The 

resulting structures have been used to calculate the strength of the hydrogen bond between the 

distal histidine residue and O2 or CO in the protein. It amounts to 31-33 kJ/mole (xxx update) 

for O2 and 2-3 kJ/mole for CO. The difference in hydrogen-bond strength is 21-22 kJ/mole 

when corrected for entropy effects. This is slightly larger than the observed discrimination 

between O2 or CO by myoglobin, 17 kJ/mole. We have also estimated the strain energy of the 

active site in the protein. It is 2-4 kJ/mole larger for the O2 complex than for the CO complex, 

independent of which crystal structure the calculations are based on. Together, these results 

clearly show that myoglobin discriminates between O2 and CO mainly by electrostatic 

interactions, rather than by steric strain

Key words: Myoglobin, QC/MM calculations, Crystallographic refinement, CO/O2 

discrimination, Protein strain.
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Introduction

Myoglobin is a small globular protein that reversibly binds O2. The protein is found in 

muscle cells of all vertebrates and some invertebrates where it stores oxygen, providing it to 

the working muscles. Myoglobin is closely related to haemoglobin, the oxygen carrier in red 

blood cells; haemoglobin is essentially a tetramer of four myoglobin molecules. Both proteins 

bind O2 to the ferrous iron ion of a haem group. An imidazole side chain of a histidine residue 

(the proximal histidine) from the protein completes the octahedral coordination sphere around 

the iron ion [1].

Myoglobin binds several small gaseous molecules besides O2, e.g. CO and NO. It is well 

known that the protein affects the ligand-binding affinity of the haem group; in solution, CO 

binds to free haem � 20 000 times stronger than O2, but in myoglobin this factor is reduced 

to 25 [2]. Thus, myoglobin seems to favour the binding of O2 before CO by ~17 kJ/mole. This 

discrimination is of vital importance; without it, we would suffocate from CO that is produced 

during the normal degradation of haem in our bodies. The mechanism of the discrimination is 

a central question in biochemistry and it has been vividly discussed for a long time [2-8].

Collman et al. [3,8] noted that O2 and CO have different geometric preferences when 

bound to the haem iron: The Fe-CO bond is linear with a Fe-C-O angle close to 180� , 

whereas FeO2 is bent, with an Fe-O-O angle around 120� . Therefore, they suggested that the 

discrimination is achieved by steric repulsion, i.e. that myoglobin forces also CO to bind in a 

bent fashion. Virtually all myoglobins and haemoglobins have a second, so called distal, 

histidine ligand positioned above the iron ion, but too far to coordinate directly to iron. It is in 

the right position to affect the geometry of the FeCO complex. This idea was supported by 

early crystal structures, showing Fe-C-O angles of 120-140° [9-13], and it has made its way 

into the textbooks [14]. However, the hypothesis has lately been questioned. 

Several newer crystal structures show larger Fe-C-O angles (160-175°) [7,15-18] and 

experimental evidence from vibrational spectroscopy indicate that the Fe-C-O angle is nearly 

linear [19-26]. Moreover, recent theoretical calculations have indicated that the energy of 

bending and tilting the haem-CO complex is small for moderate deviations from linearity [27-

31]. Therefore, the idea of a strongly bent FeCO unit as the reason for the discrimination is 

nowadays generally agreed to be incorrect [5]. 
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Another difference between O2 and CO complexes with haem is that the FeO2 unit is much 

more polar than the FeCO unit. In fact, the electronic structure of FeO2 is close to that of a 

superoxide anion (O2
-) bound to a ferric ion [32-33]. Therefore, the protein might discriminate 

between O2 and CO by electrostatic interactions [34]. Neutron scattering structures show that 

there is a hydrogen bond between O2 and the distal histidine residue [35], whereas no such 

bond can be seen in the CO complex [13]. Moreover, site-directed mutagenesis and studies of 

synthetic haem models have shown that electrostatic interactions are of major importance for 

the relative affinity of O2 and CO to haem [5,21,27,32,36]. 

In an earlier paper, we have estimated the energy of hydrogen bonds between the distal 

histidine residue and O2 or CO bound to a haem group by quantum chemical methods [6]. 

These calculations showed that a hydrogen bond to O2 is 24 kJ/mole stronger than one to CO. 

Thus, the energy difference is of the same magnitude as myoglobin's discrimination between 

O2 and CO, giving strong support to the hydrogen-bond hypothesis. However, these 

calculations were performed in vacuum, modelling restrictions in the geometry caused by the 

protein by constraints in two or three dihedral angles. 

In this paper, we improve these calculations using better methods. In particular, we 

optimise the geometry of the haem group with its ligands and a model of the distal histidine 

residue inside the protein, using combined quantum chemical and molecular mechanics 

methods. These structures are then used to calculate more realistic hydrogen-bond energies 

and to estimate strain energies inside the protein. A strong motivation for these studies is a 

recent crystallographic investigation, which argues strongly for steric strain as the main factor 

for the myoglobin's discrimination between O2 and CO [7]. In this paper, we test some of their 

suggestions and use their raw data to obtain the probably most accurate structure of the 

haem:CO complex in myoglobin published to date. 

Methods

Quantum chemical calculations

All quantum chemical calculations were performed with the density functional B3LYP 

method. Hybrid density functional methods have been shown to give as good or better 

geometries as correlated ab initio methods for first-row transition metal complexes [37-39], 
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and the B3LYP method in particular seems to give the most reliable results among the widely 

available density functional methods [40]. In the geometry optimisations and frequency 

calculations we used for iron the double-�  basis set of Schäfer et al. (62111111/33111/311) 

[41], enhanced with one d, one f, and two p functions with exponents 0.1244, 1.339, 

0.134915, and 0.041843, respectively. For the other atoms, we have employed the 6-31G* 

basis set, except for the four atoms involved in the hydrogen bond (Ndonor, H, and O2 or CO), 

for which we used the 6-31+G** basis, with an additional set of diffuse function [42]. Earlier 

calculations have shown that this is necessary to get accurate geometries and energies [6,43]. 

Only the pure 5 d and 7 f-type functions were used. 

For accurate energy calculations, we used instead the 6-311+G(2d,2p) basis set and 

enhanced the basis set for iron with one s and one p function, with exponents 0.01377232 and 

0.041843, and replaced the f function, with two new f functions with exponents 2.5 and 0.8. 

Geometry optimisations and energy calculations were performed with the Turbomole 

software [44,45]. Frequencies were calculated with Gaussian-98 [46] and they were scaled by 

a factor of 0.963 [47]. These were used to calculate entropy and thermodynamic corrections 

to Gibbs free energy at 300 K and 101.3 kPa pressure using standard methods of statistical 

mechanics [48]. All calculations were run on SGI Origin 2000 or Octane workstations. 

In the quantum chemical calculations, the haem group was modelled by a porphine ring 

(Por; a haem group without side chains) with a central Fe(II) ion, the proximal and distal 

histidine residues were modelled by imidazole (Im), and the distal iron ligand was included 

explicitly (O2 or CO). Experiments have shown that the Fe(II) ion in myoglobin without any 

distal ligand is in the high-spin state, whereas the complexes with O2 or CO are diamagnetic 

[49]. Therefore, a singlet state was considered for all models with a six-coordinate iron ion, 

and a quintet spin state was employed for the five-coordinate models. All models with O2 

bound to haem were treated within the unrestricted-spin formalism, because the lowest 

electronic state is an open-shell singlet formed from the antiferromagnetic coupling of low-

spin Fe(III) and a superoxide radical anion [33]. No symmetry restraints were imposed in the 

calculations.
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QC/MM calculations

 Combined quantum chemical and molecular mechanics (QC/MM) calculations were used 

to study the hydrogen-bond strengths in myoglobin. They were performed with the COMQUM-

00 software [50-51], which is a combination of Turbomole [44-45] for the quantum chemical 

calculations and Amber [52] for the molecular mechanics calculations. The haem group 

without the side chains, the imidazole ring of the distal and proximal histidine, and the 

oxygen or carbon monoxide molecule were treated by quantum chemistry, using the B3LYP 

method, as described above. 

In the quantum chemical calculations, the quantum system was represented by a 

wavefunction, whereas all the other atoms were represented by an array of point charges, one 

for each atom, taken from the Amber libraries. Thereby, the polarisation of the quantum 

chemical system by the surroundings is included in a self-consistent manner. In the classical 

force and energy calculations, all atoms were represented by the Amber force field, but 

without any electrostatic interactions (which are already treated by quantum mechanics). 

Special action is taken where there is a bond between the classical and quantum chemical 

systems (a junction, i.e. for the porphyrin side chains and for the proximal and distal histidine 

residues). The quantum chemical system was truncated by hydrogen atoms, the positions of 

which are linearly related to the corresponding carbon atoms in the full system [50]. 

The total energy is calculated as

Etot = EQC + EMM123 - EMM1 (1)

Here, EQC is the quantum chemical energy of the quantum system with hydrogen junction 

atoms, including all the electrostatic interactions. Similarly, EMM1 is the classical energy of the 

quantum system, still with hydrogen junction atoms, but without any electrostatic 

interactions. Finally, EMM123 is the classical energy of all atoms with carbon junction atoms and 

no electrostatics. The philosophy behind this energy is that the total energy should involve as 

much quantum chemistry as possible and that terms from hydrogen junction atoms shall 

cancel out. This approach is similar to the one used in the Oniom method, but electrostatics 

are treated in a more accurate way [53]. The calculated forces are the negative gradient of this 

energy. Owing to the different junction atoms, the gradients have to be corrected using the 

chain rule. 
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Calculations were performed both with the protein fixed at the crystal structure and with 

protein atoms within 15 Å of any atom in the quantum system ring allowed to relax by a 

molecular mechanics calculation in each step of the COMQUM optimisation. In the latter 

calculations, all atoms are represented by standard Amber parameters. Electrostatic 

interactions are included, using standard charges for the surroundings, but for the quantum 

system, we used quantum chemical Mulliken charges fitted to Merz-Kollman electrostatic 

potential charges [54] as described before [51].

The convergence criteria were the default ones in Turbomole: a change of 2.6 J/mole and 

0.053 pm, respectively between two cycles in the geometry optimisation. For the calculations 

with a free enzyme, looser convergence criteria was used, 260 J/mole and 0.53 pm, and these 

calculations were concluded by an optimisation using a fixed enzyme and the tighter 

convergence criteria. 

The strain energy induced by the protein onto the quantum system was estimated as the 

difference in energy of the isolated quantum system optimised in the protein and in vacuum 

(� E1). It should be noted that this energy contains terms that are normally not considered as 

strain [51,55]. Hydrogen and ligand bond energies were calculated quantum chemically both 

in vacuum and in the protein (i.e. without and with the point charges) and were corrected for 

basis set superposition errors using the standard counter-poise method [56]. 

The COMQUM calculations were based on three crystal structures of sperm whale 

myoglobin, differing in the distal ligand of the haem group: CO, O2 or no ligand [16]. The 

coordinates were taken from the Brookhaven protein data bank files 1a6g, 1a6m, and 1a6n 

(resolution 1.15, 1.00, and 1.15 Å, respectively). Minor alternative conformations were 

removed from the structures. A few crystal water molecules with partial occupancy, which 

form close contacts with other water molecules or protein atoms, were also removed.

Hydrogen atoms were added to the protein assuming the normal protonation status at pH 

7.0 for the Asp, Glu, Lys, and Arg residues. After a detailed study of the surroundings and 

possible hydrogen bond networks around the His residues, it was decided that His-24, 48, 81, 

93, 113, and 116 are protonated on the N� �  atom, whereas His-36, 82, 97, and 119 are 

protonated on the N� �  atom. Both protonation states of the distal histidine (His-64) were 

studied. The proteins were solvated in a sphere of water molecules with a radius of 30 Å, 
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centred on the iron ion (~2660 water molecules). The hydrogen atoms and the solvation water 

molecules were optimised by a simulated annealing calculation by molecular dynamics, using 

the Amber software [52]. 

The molecular mechanics force field for the haem molecule was that included in the 

Amber distribution [52]. Since the whole haem ring, except the side chains are included in the 

quantum system, these parameters mostly cancel out and are therefore of minor importance. 

Charges for the haem group and its ligands in the initial equilibration were obtained from a 

standard two-stage RESP fit [57] to quantum chemically calculated electrostatic potentials 

using the Amber software [52]. The potential points were sampled with the Merz-Kollman 

method [54] at a high density (20 000 points), and they were calculated with the Gaussian 

software [46] on the ImFePor(O2/CO) models.

QC/MM calculations with crystallographic raw data

A set of calculations were also performed with the COMQUM-X program, which is a very 

recent combination of crystallographic refinement and quantum chemical calculations [58]. It 

can be seen as a standard crystallographic refinement, where the molecular mechanics force 

field, used to supplement the crystallographic data, especially for bond lengths and angles, has 

been replaced by a quantum chemical potential for a small part of the structure (thereby 

improving the accuracy). Alternatively and equivalently, it can be seen as a QC/MM program 

where the energy term EMM123 in Eqn. (1) has been replaced by a standard crystallographic 

refinement energy function, including terms from the diffraction data. Thus, this approach 

yields a structure that automatically is consistent with the crystallographic raw data (the 

structure factors) and not only with the protein coordinates at the beginning of the geometry 

optimisation. Therefore, the resulting structure is an optimum compromise between 

crystallography and quantum chemistry, which allows us to interpret and sometimes even 

improve the crystal structure locally. The results can directly be evaluated in standard 

crystallographic terms, such as electron density maps and crystallographic R factors.

COMQUM-X is a combination of Turbomole [44-45] and the freely available 

crystallographic refinement program CNS (Crystallography and NMR system) [59]. It differs 

from COMQUM-00 only in a few details, besides the change in the molecular mechanics 
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program from Amber to CNS and the inclusion of a crystallographic energy function (we used 

the default maximum likelihood amplitude refinement target [60-61]). Following 

crystallographic custom, hydrogen atoms were not included in the CNS calculations and 

therefore also no electrostatic interactions (of course, hydrogen atoms are still included in the 

quantum chemical calculations, but there was no point-charge model of the surroundings). 

Thereby, we avoid the problem of determining the protonation status of the histidine residues 

and settling the positions of polar hydrogen atoms, e.g. for water and hydroxyl groups.

The crystallographic penalty function is in arbitrary units and is therefore not directly 

comparable to the quantum chemical and molecular mechanics energy functions. Therefore, 

the crystallographic energy function is weighted by a factor, determined to give the same size 

of the crystallographic and energy-based forces [62-64]. This factor turned out to be 0.010 for 

the quantum system in these calculations. For the surrounding protein, it was calculated 

automatically by CNS. Moreover, the CNS force field is obtained from a statistical analysis of 

crystal structures and its energy terms are typically a factor of 3 larger than terms obtained 

from quantum chemical calculations [65]. Therefore, the quantum chemical forces and 

energies were scaled up by a factor of 3 before they were added to the CNS energies and 

forces.

The COMQUM-X calculations were based on the crystal structure of myoglobin in complex 

with CO determined at 1.15 Å resolution by Bartunik and coworkers (Brookhaven data bank 

file 1bzr) [7]. We used this structure, instead of that used in the COMQUM-00 calculations 

because the haem:CO unit is not disordered in this structure (the current version of COMQUM-

X cannot treat alternative configurations in the quantum system) and also because we wanted 

to study steric distortions suggested to be present in the structure. The structure factors were 

downloaded from the Brookhaven protein data bank, file r1bzrsf. They were converted to 

CNS format and a test set consisting of 5 % of the reflections was selected at random (so that 

a free R factor could be calculated). 

Alternative configurations of 18 residues were removed (the configuration with the largest 

occupancy was kept). These residues are on the surface of the protein, quite far from the CO 

molecule of interest. The quantum system was the same as in the QC/MM calculations: the 

haem group without side chains, the imidazole rings of the proximal and distal histidine 
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residues, and the CO molecule. It was constructed by adding hydrogen atoms to the imidazole 

rings and the meso carbon atoms of the porphyrin ring. The molecular mechanics parameters 

for the porphyrin ring were the same as in the COMQUM-00 calculations, but the force 

constants were scaled up by a factor of 3. 

In the COMQUM-X calculations, the protein (all atoms, including crystal water molecules) 

is always free to relax by one step of crystallographic minimisation refinement and one step 

of individual B factor refinement in each cycle of the geometry optimisation. However, the 

new coordinates or B factors are only accepted if the free R factor decreases after the change. 

The convergence criteria were the default ones in Turbomole (see above), but with the 

combined energy function. 

The B3LYP method is known to overestimate Fe-ligand distances [66-67]. We tried to 

correct for these systematic errors using the method of offset forces [68]. First, we optimised 

the geometry of a small model complexes, which contain the relevant ligands and for which 

accurate crystal data exist: FeII(octaethylporphyrin)(1-MeIm)CO [69]. It was modelled by 

ImPorFeIICO. After the optimisation, the Fe-NIm, Fe-NPor, Fe-C, and C-O bond lengths were 

changed to the experimental ones and the resulting forces were calculated. These forces (-

0.0044, 0.0037, 0.112, and 0.0608 a.u., respectively) were then added to all subsequent 

calculations with COMQUM-X. For the model complexes, this approach gave distances within 

0.2 pm of the experimental ones (the distances changed by 1-3 pm).

Results and Discussion

QC/MM structures

Three types of complexes were optimised with COMQUM-00, differing in the distal ligand: 

O2, CO, or none. For the two latter complexes, we tested both possible protonation states of 

the distal histidine, HIE (where N� �  is protonated and the H� �  atom forms a hydrogen bond 

with CO or points towards the iron ion) or HID (where N� �  is protonated and H� �  is directed 

into the solution, whereas the lone-pair orbital of N� �  is directed towards CO or iron). The 

latter choice is what is observed in the neutron diffraction structure of CO-myoglobin 

(although this structure has been questioned [5]), whereas the HIE conformer is observed in 

the diffraction structure of O2-myoglobin and was therefore the only conformer studied for 
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that complex. For each model, we performed one set of calculations based on the native 

crystal structure (i.e. the one with the same distal ligand, CO, O2, or none) and one based on 

the crystal structure of the CO complex. Finally, for all systems, we performed one 

calculation with a fixed protein and one where the protein was allowed to relax. Thus, there 

are in total fourteen different structures. In addition, we also optimised two structures of the 

CO and O2 complexes without the distal histidine in the quantum system (one where the 

protein was fixed at the crystal structure and one where it was allowed to relax). These 

structures were based on the native crystal structure and with the distal histidine residue 

protonated on the N� �  atom.

The optimum geometry of the five-coordinate haem group with the distal histidine 

protonated on the N� �  atom, based on the crystal structure of the same complex, is shown in 

Figure 1. It can be seen that the haem ring is distinctly non-planar (domed). Moreover, there 

are clear steric interactions between the H� �  atom of the distal histidine residue and haem, 

leading to further distortions of the haem ring. The geometry around the iron ion is what 

could be expected for a five-coordinate high-spin haem complex, with long Fe-NHis and Fe-

NPor distances  (210-212 pm; cf. Table 1). Moreover, the iron ion is displaced out of the haem 

plane towards the proximal histidine ligand, but the displacement, 64 pm, is appreciably lager 

than in vacuum, 31 pm. The reason for this is probably unfavourable steric interactions 

between the H� �  atom and the iron ion (346 pm distance).

The same complex optimised in the crystal structure of CO-myoglobin is quite similar 

(Table 1). The haem ring is slightly less distorted and the iron ion is closer to the haem plane, 

25 pm, indicating less severe steric interactions between the distal histidine and the haem 

group. 

If the protein is allowed to relax, the structure changes somewhat. As can be seen in Figure 

2, the haem group becomes more distorted. Moreover, the Fe-N distances become 2-4 pm 

longer and the out-of-plane distance of the iron ion increases slightly. These changes probably 

reflect that B3LYP overestimates Fe-N distances by 2-6 pm [66-67]. Therefore, we expect that 

the structure with the enzyme fixed at the crystal position gives the most accurate results, 

provided that the native structure has been used. 
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Interestingly, if the distal histidine is instead protonated on the N� �  atom, the haem group 

becomes more planar, the iron ion moves closer to the haem plane (27 pm below the plane) 

and the Fe-NHis bond becomes longer, as can be seen in Figure 3. Again this probably reflects 

decreased steric interactions between the distal histidine and the haem group. 

When CO is bound to myoglobin with the distal histidine residue protonated on the N� �  

atom, the haem group becomes more planar, although it still shows a wavelike distortion 

(Figure 4), probably owing to the interaction between the distal histidine residue and the ring. 

CO binds to Fe at a distance of 177 pm and the iron ion moves into the haem plane. The Fe-

NPor distances are shortened by almost 10 pm, reflecting the transition of the iron ion from 

high to low spin. However, the Fe-NHis distance is not significantly altered (209-210 pm). The 

Fe-C-O angle is 173°. There is a clear, but weak, hydrogen bond between CO and the distal 

histidine group; the H� � -O distance is 252 pm. However, the histidine residue is not 

positioned for ideal binding. Instead, it is close to the middle of the CO molecule, and the 

H� � -C distance is only slightly longer, 264 pm. 

This COMQUM structure is very similar to the vacuum structure, obtained with the same 

quantum chemical method: All Fe-ligand distances are within 1 pm of the distances found in 

vacuum, but the distance of the iron ion from the porphyrin plane is somewhat shorter (4 pm). 

All geometric parameters are also within the range found in small inorganic models and in 

protein structures [6-7,16,32,70-72]. The C-O bond length (116 pm) is somewhat longer than 

for free CO (114 pm with the same quantum chemical method and 113 pm in experimentals 

[73]). The N-O hydrogen-bond interaction (312 pm) is close to what was obtained in vacuum 

(317 pm), but slightly shorter than in crystal structures (316-394 pm). However, the H-O 

distance (252 pm) is appreciably longer than in vacuum (216 pm), owing to the far-from-ideal 

hydrogen-bond geometry. 

Interestingly, the structure does not change very much if the distal histidine residue is 

protonated on the N� �  atom instead (zzz this structure is not converged yet). Figure 5 shows 

that the geometry of the haem group is virtually unchanged. However, the distal histidine 

rotates slightly, apparently to elongate the interaction between this group and CO; the N� � -O 

and N� � -C distances increase by ~15 pm to 328 and 358 pm. Similarly, the Fe-NHis, Fe-NPor, 
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and Fe-C bond lengths increase by 9, 2, and 5 pm, whereas the iron ion remains close to the 

porphyrin plane. The Fe-C-O angle is similar to that in the other complex, 173°.

The structure of the O2 complex, Figure 6, is quite similar to that of the CO complex, with 

the exception of the Fe-O-O angle, which is 120°. The Fe-O distance (187 pm) is 10 pm 

longer than the Fe-C distance, and therefore, the other Fe-N distances are ~1 pm shorter in the 

O2 complex. In the latter complex, the iron ion is also slightly displaced (3 pm) towards the 

histidine ligand. The H� � -O hydrogen bond is appreciably stronger in the O2 complex; it is 

185-195 pm long. However, even in this complex it is far from ideal (cf. Figure 6); the distal 

histidine is too close to the oxygen molecule and therefore it has to interact with the terminal 

oxygen not from the front as in the ideal vacuum structure but from behind. In fact, the H� �  

atom is also close to the oxygen atom bound to iron, 234 pm. Yet, the H-O distance is not 

very different from what is obtained in vacuum (196 pm). 

The COMQUM structure of the O2 complex is quite similar to the vacuum structure, 

calculated with the same method. The most significant difference, besides the different 

hydrogen-bond geometry, is the longer Fe-NHis bond (210 pm compared to 205 pm) in the 

protein. The COMQUM structure is also close to available crystal structures of oxygenated 

myoglobin. The calculated Fe-O distance is slightly longer than in the crystals (187 pm 

compared to 180-183 pm), but it is 175-190 pm in small model compounds [32,70-72], and 

the O-O bond length is too long (130 pm compared to 121-124 pm in protein crystals and 

model compounds [6,16]). This lengthening in the theoretical structures reflects that the 

oxygen complex is mainly a superoxide bound to Fe(III); the ideal bond length of O2 

optimised with the same method is 122 pm, i.e. the same as the experimental bond length of 

free O2 [73]. The optimum bond length of O2
- calculated with the same method is 135 pm, 

whereas the experimental one is 133-134 pm [32,74-75]. Perhaps the density functional 

calculations overestimate this internal electron transfer somewhat.

If the O2 complex is instead optimised in the structure of CO-myoglobin, the resulting 

geometry becomes quite different (Figure 7). (zzz This structure is not finished yet) In 

particular, it can be seen that if the protein is fixed at the crystal position, the distal histidine 

group comes so far from the O2 molecule that it is more favourable for it to form a hydrogen 

bond to the oxygen atom bound to the iron ion than to the distal oxygen atom (although the 
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latter atom has a more negative charge). In fact, the H� � -O hydrogen bond distance, 236 pm, 

is almost the same as the H� � -Oproximal distance in the complex optimised in the native 

structure (234 pm). It is only the distance to the distal oxygen atom that has changed. This 

leads to an elongation of all the iron-ligand distances and also of the hydrogen-bond length 

(cf. Table 1). Thus, there is a significant movement of the distal histidine residue between the 

O2 and CO complexes. The hydrogen-bond of this structure is of a similar strength as that 

optimised in the native crystal structure (c.f. Table 2), indicating that these interactions are 

almost equivalent. However, the strain energy of this complex is � 50 kJ/mole larger than for 

the other complexes, indicating that this structure is unfavourable for the active site as a 

whole.

Energies

We have estimated strain energies (� E1) in all the optimised complexes by calculating the 

difference in energy of the isolated quantum system (i.e. without point charges) at the 

optimum vacuum geometry and at the geometry optimised by COMQUM. For the O2 and CO 

complexes, the same complex in vacuum was used as the reference structure. However, for 

the five-coordinate complex, we instead used the five-coordinate complex without the distal 

histidine model in vacuum plus the energy of an isolated and optimised imidazole molecule. 

In vacuum, the most favourable structure of this complex would have both imidazole groups 

coordinating to the iron ion, leading to a low-spin state (such a complex has a 46 kJ/mole 

lower energy than the reference we used). However, the change in spin state may significantly 

affect the accuracy of such a comparison (reduce the cancellation of errors). 

With these reference states, the strain energy for all the studied complexes was 37-67 

kJ/mole (cf. � E1 in Table 2; two complexes had larger strain energies, but they are discussed 

separately). It was of a similar magnitude for all three types of complexes, but it was slightly 

(2-9 kJ/mole) lower when there was no model of the distal histidine in the quantum system. 

This reduction is a natural consequence of the fact that the quantum system is smaller. 

Interestingly, the strain energy was often larger for the calculations with free protein than for 

those with a fixed protein. The reverse is normally observed. 
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The strain energies are similar to what is found for other proteins studied with the same 

methods (15-110 kJ/mole for alcohol dehydrogenase, blue copper proteins, iron-sulphur 

clusters, and ferrochelatase [50-51,76-80]). The calculated strain energies are much larger 

than strain energies estimated for the binding of CO to myoglobin (less than 10 kJ/mole) 

[5,31]. The reason for this is that we do not calculate strain energies only for CO molecule, 

but the whole haem group and the proximal and distal histidine residues also. Moreover, � E1  

is strictly speaking not a true strain energy, because it contains several terms that are normally 

not considered as strain, e.g. electrostatic effects [50,55]. 

Second, we have calculated hydrogen-bond energies from the COMQUM structure of the 

quantum system by a standard counter-poise calculation, either in vacuum or by modelling 

the protein as an array of point charges. The energy of the hydrogen bond to CO was 2-3 

kJ/mole. This is smaller than the hydrogen bond energy obtained in vacuum (14 kJ/mole for 

the optimum geometry and 8 kJ/mole when the energy was corrected for the geometrical 

constraints in the protein) [6]. The COMQUM values are in good agreement with experiments; 

for example, Olsen and Phillips have estimated this energy to about 1 kJ/mole [27], whereas 

Ray et al. gave a slightly larger estimate: 2.5-2.8 kJ/mole [70]. If the electric field from the 

protein is included in the calculation, the hydrogen bond becomes ~3 kJ/mole stronger (5-7 

kJ/mole), but the hydrogen-bond energy is reduced by the same amount when it is calculated 

with a larger basis set. 

The hydrogen bond to O2 is considerably stronger, 28-30 kJ/mole. When the protein is 

included in the calculations by point charges, the hydrogen-bond energy again increase by 

3 kJ/mole. This shows that electrostatic interactions in the protein matrix polarises and 

stabilises the hydrogen bonds, but only by 3 kJ/mole and with the same amount for both 

ligands. The vacuum binding energy was earlier calculated to 35 kJ/mole, which decreased to 

32 kJ/mole when corrected for the constraints in the protein [6]. All these hydrogen-bond 

energies are appreciably larger than experimental estimates. For example, the stabilising 

effects of the hydrogen bond between the distal histidine residue and O2 in myoglobin has 

been estimated by mutation studies to 8-18 kJ/mole [27,34]. 

This discrepancy is probably caused by entropy effects (we calculate enthalpies, whereas 

free energies are measured). It is very hard to estimate these, because we then have to 
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consider interactions between the distal histidine residue and the rest of the protein both 

before and after binding of the haem ligand. A direct calculation of the thermodynamic 

corrections from a vibrational analysis of the isolated complexes gives a high disfavouring 

energy (� 45 kJ/mole), because such a calculation assumes that the imidazole group is free to 

move before the hydrogen bond is formed, which is not the case in the protein. If only the 

vibrational contributions are considered, the energy becomes slightly favourable, ~10 

kJ/mole, but this overestimates the binding, because the product complex contains six 

vibrations more than the reactants. Thus, the absolute contribution of the thermodynamic 

corrections is quite uncertain. However, the difference between the O2 and CO is reasonably 

constant and tend to favour the CO complex by � 5 kJ/mole. Using a larger basis set, the 

energies change by xxx. Density functional calculations are normally considered to be 

converged with a basis set of triple-�  with double polarisation functions [48]. 

With this correction, the difference in the hydrogen bond strength to O2 and CO is 21-

22 kJ/mole, both with and without the point-charge model of the protein. This difference is 

slightly larger than the experimentally determined discrimination of myoglobin between O2 

and CO, 17 kJ/mole. Thus, these calculation confirm our earlier results [6] that this difference 

in hydrogen-bond strength probably accounts for the majority of myoglobin's discrimination 

between O2 and CO.

Very recently, Rovira and coworkers have calculated the hydrogen-bond strength between 

CO/O2 and the distal histidine with similar methods [81]. They optimise the complexes with 

QC/MM methods, but with the distal histidine in the molecular mechanics system and 

keeping the protein fixed at the neutron diffraction structure of CO-myoglobin [13] or at 

snapshots taken from molecular dynamics simulations of the same complex [82]. They obtain 

hydrogen-bond energies of 14 kJ/mole for CO and 21 kJ/mole for O2. These results are of the 

same magnitude as ours, but significantly different, probably because of the differences in the 

optimisation scheme (our approach should be more accurate), and that they use a less accurate 

density functional [40] and smaller basis sets.

Another way to compare the binding of O2 or CO to myoglobin, is to calculate directly the 

binding energy for the ligand. This was done the same way as for the hydrogen-bond 

energies, i.e. by a counter-poise calculation of the quantum system, either in with or without 
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the point charges. The resulting binding energies are also shown in Table 2. If the distal 

histidine is not included in the quantum system, the binding energy is 32-43 kJ/mole lower for 

O2 than for CO without a model of the protein. This is similar to the result obtained on the 

optimum vacuum structures, 43 kJ/mole. However, if the point-charge model of the protein is 

included, the difference is much smaller. This clearly shows that the protein differentially 

stabilises the O2 binding by electrostatic interactions. 

The effect of the distal histidine residue is best seen in the calculations with it in the 

quantum system. For O2, inclusion of it leads to a � 23-kJ/mole increase in the binding 

energy without the point charges, but hardly any change with them. This indicates that the 

distal histidine residue stands for almost all the electrostatic stabilisation. For CO, inclusion 

of the distal histidine in the quantum system leads to a slight (3-9 kJ/mole) decrease in the 

binding affinity, both with and without the point-charge model. This indicates that the 

interaction between CO and the histidine residue is poorly described by the molecular 

mechanics force field (i.e. the binding energies with the distal histidine in the quantum system 

are more reliable). In the latter calculations, CO binds slightly stronger than O2 in all except 

one case. The difference is -3 to 11 kJ/mole, which is close to the experimental difference in 

binding affinity, 25 times or 8 kJ/mole.

 These estimates are sensitive to the theoretical treatment. First, if the energies are 

calculated with a larger basis set, the binding energies are reduced by � � 12 kJ/mole. 

Second, relaxation effects are important, because the change in spin states leads to large 

changes in the geometry of both the five-coordinate complex and of O2. These effects are 

large (24-43 kJ/mole) and decrease the binding energies [6]. Finally, thermodynamic 

corrections are significant for these binding energies and also tend to decrease them (because 

a free O2/CO molecule is bound during the reaction). These corrections (including zero-point 

energies, the effect of which is small), estimated from from the vibrational frequencies of the 

isolated complexes, amounts to a decrease of the binding affinity by � 50 kJ/mole. In 

conclusion, the absolute values of these binding energies are not very reliable (compared to 

experimental values), but the differences can probably be trusted.
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Protonation of the distal histidine in CO-myoglobin

As mentioned above, a neutron diffraction structure of CO-myoglobin [13] showed that the 

distal histidine residue is protonated on the N� �  atom, i.e. the atom directed towards the 

surrounding solvent, whereas the N� �  atom interacts with the CO molecule with its lone-pair 

orbital. However, other results have strongly indicated that that the opposite protonation (i.e. 

with a hydrogen on N� � , forming a hydrogen bond to CO) is the dominant form for CO-

myoglobin in solution. For example, resonance Raman experiments have indicated that there 

is a hydrogen bond to CO in its complex with myoglobin [83]. Moreover, virtually all 

theoretical investigations of the vibrational spectrum of CO bound to myoglobin have 

concluded that the vibrational substates can only be explained by hydrogen-bond interactions 

between the protein and CO; an interaction between the lone-pair orbital of N� �  and CO 

would give rise to shifts in the vibrational spectrum opposite to what is observed 

experimentally [6,5,81,84-88]. Likewise, molecular dynamics simulations with N� �  of His-64 

protonated (as in the neutron structure) indicate that the imidazole ring rapidly rotates and 

exposes the polar hydrogen towards CO [82,89]. 

There are also ample experimental evidence indicating that the protonation status of the 

distal histidine residue observed in the neutron structure is not typical for myoglobin in 

solution. For example, in the His64Gln myoglobin mutant, the N� � atom of Gln is positioned 

at almost exactly the same place as N� �  in His-64, although the former atom is undoubtedly 

protonated, whereas the latter according to the neutron structure is not [13,90-91]. The two 

proteins have also similar vibrational spectra. Likewise, investigation of the CO frequencies 

and CO affinity for myoglobin mutants show a clear correlation with the presence of distal 

hydrogen-bond donors [15].

Our structures support this suggestion: If we compare the crystal structure of CO-

myoglobin (without any hydrogen atoms) with the two COMQUM-00 calculations with 

different protonation status of the distal histidine residue, Figure 8, (zzz update) it is obvious 

that the structure with the N� �  atom protonated is less similar to the crystal structure than that 

with the N� �  atom protonated. In particular, in the former structure, the imidazole ring has 

rotated about 30° compared to the crystal structure, whereas it remains close to the crystal 

location in the latter structure. Moreover, the Fe-NHis bond is elongated in the HID structure, 
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which leads to a significant movement of the proximal histidine ligand compared to the 

crystal structure. The geometry of the haem group and the CO ligand is similar in all three 

structures. Altogether, this shows that a HIE protonation is consistent with the crystal 

structure, but not a HID protonation. In other words, it is most likely that the N� �  atom is 

protonated in the crystal structure.

Moreover, the strain energy (� E1) of the CO complex where the N� �  atom is protonated 

and the lone-pair orbitals of the N� �  atom is directed towards CO is appreciably higher (94-96 

kJ/mole) than that obtained with the opposite protonation (40-45 kJ/mole, cf. Table 2), 

indicating that this structure is unnatural. Likewise, the interaction between CO and the distal 

histidine residue in the former structure is repulsive (by 14 kJ/mole). This further strengthens 

our suggestion that this is not the correct protonation status of the distal histidine residue.

This conclusion is in variance with the neutron structure of CO-myoglobin [13]. However, 

there are at least two possible reasons for this discrepancy. First, it is conceivable that the 

distal histidine residue interacted with a sulphate molecule in the neutron structure [85-86]. 

Such a strong electrostatic interaction could stabilise an otherwise unfavourable protonation 

of the N� �  atom, especially as the hydrogen bond to CO is rather week [6]. Alternatively, it 

has been suggested that the neutron structure has been oxidised to met-myoglobin (i.e. FeIII 

with a coordinated water molecule) during the course of data collection [5,87]. In such a 

structure, the HID form could be energetically favourable.

The COMQUM-X structure of CO myoglobin

The COMQUM-00 structures we have studied up to now were obtained by starting at the 

crystal structure and reoptimising the quantum system (i.e. the haem group, the distal ligand, 

and the imidazole rings of the proximal and distal histidine ligands) and optionally also the 

surrounding protein. In such a procedure, there is no guarantee that the final structure remains 

close to the crystal structure also after the geometry optimisation. In fact, we saw in Figure 8 

that this is not always the case. Moreover, it is likely that systematic errors in the quantum 

chemical calculations may slightly distort the final structure, as our calculations with a 

relaxed protein indicate (cf. Figure 2).
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Since we in many of the previous calculations only wanted to reproduce the crystal 

structure (to be able to calculate energies), it would be more attractive to directly use the 

crystal data. However, small errors in the coordinates, primarily in the bond lengths 

(combined with the systematic error in the calculations), lead to gigantic errors in energies 

based directly on the crystal coordinates - errors which would totally conceal the interesting 

trends. 

Moreover, the crystal coordinates are not the experimental raw data; they are a product of 

an involved series of model building, crystallographic refinement, manual examination, and 

rebuilding [92], possibly involving mistakes in the interpretation. During the refinement, the 

position of the atoms (and other crystallographic parameters) are optimised with respect to an 

energy function consisting of an estimate how well the parameters reproduce the 

crystallographic reflections, supplemented by a molecular mechanics force field. Therefore, 

the coordinates may be biased by the force field used in the refinement. A better approach 

would be to use the crystallographic raw data, i.e. the structure factors, instead of the 

coordinates (these are normally also available from the Brookhaven protein data bank). 

We have very recently modified COMQUM-00 to use a crystallographic refinement program 

instead of the Amber for the molecular mechanics calculations [58]. Thereby, we can replace 

the molecular mechanics force field used in the crystallographic refinement with quantum 

chemical calculations for the active site, using exactly the method we want to use in the 

energy calculations. Thereby, we obtain an optimum compromise between quantum chemistry 

and crystallography and guarantee that the final structure will be fully compatible with the 

crystallographic reflections. In fact, we can even locally improve the crystal structure beyond 

what the raw data allows, because the quantum chemical calculations typically have a smaller 

error in the geometry around a metal site (2-6 pm [66-67]) than a protein crystal structure at 

low or medium resolution (~10 pm [93]) and that the quantum chemical error is systematic 

and therefore can be compensated for. 

We have studied the structure of CO-myoglobin with this COMQUM-X method. The 

original calculations showed a clear tendency to overestimate the C-O and the iron-ligand 

distances by a few pm (the first line, "uncorrected" in Table 3). This is a well-known 

deficiency of the B3LYP method [66-67] and for a crystal structure of such a high resolution, 
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these systematic errors become significant. Therefore, we also run a set of calculations where 

we corrected for these errors using the method of offset forces [68]. 

The resulting structure of CO-myoglobin is compared to the original structure and the 

electron density in Figure 9. It can be seen that the structure is very similar to the crystal 

structure and also to the corresponding COMQUM structures (Figure 4), even if they are based 

on different crystal structure. It should also be noted that in the original crystal structure, it is 

suggested that the distal histidine residue i protonated on the N� 1 atom [7], whereas the other 

protonation state has been used in the calculations (based on the results in the previous 

section). The similarity between the COMQUM-X and crystal structures, shows that this was a 

correct choice and further strengthens the argument in the previous section. 

In Table 3, the geometry around the iron ion and the CO ligand is detailed and compared 

with the two most accurate available crystal structures for the same complex (both at 1.15 Å 

resolution) [7,16]. It can be seen that the COMQUM-X result is close to those of the two crystal 

structure but closest to the structure, the raw data of which was used in the calculations. The 

COMQUM-X structure, is probably the most accurate estimate of the geometry of the CO-haem 

complex in myoglobin available. In particular, we predict that the Fe-C distance is around 171 

pm, i.e. close to the value in the original crystal structure (173 pm), and appreciably shorter 

than in the other crystal (182 pm). The improvement of the crystal structure by the quantum 

chemical calculations is flagged by a decrease in the crystallographic free R factor of 0.0003, 

which is a typical decrease for this global quality factor [58], showing that the structure is 

locally slightly  improved.

As discussed in the introduction, the actual structure of CO-haem moiety has been much 

discussed. Early crystal structures indicated that the Fe-C-O angle was 120-140° [9-13]. 

However, later crystal structures show larger Fe-C-O angles (160-175°) [7,15-18] and 

vibrational spectroscopy investigations also indicate that the Fe-C-O angle is nearly linear 

[19-25]. The reason for this discrepancy in the crystal structure is probably that the earlier 

structures have been oxidised to met-myoglobin during the data collection [5,87]. COMQUM-X 

predicts a Fe-C-O angle of 174°, slightly larger than both in the two crystal structures (171°), 

and in the COMQUM-00 calculations (173°), but smaller than in vacuum calculations (179-

180°).
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The hydrogen-bond geometry, as described by the N� � -O and N� � -C distances is very 

similar in the original crystal structure and in the COMQUM-X structures (within 1 pm). In the 

other crystal structure in Table 3, the distal histidine residue exhibits two alternative 

configurations, one with a short N-O interaction, suggested to represent the HID form of the 

histidine residue, and one with a longer N-O distance, suggested to describe the HIE form. 

Quite satisfactorily, the COMQUM-X structure is close to the latter form, even if the 

discrepancy is slightly larger than for the other crystal structure (up to 11 pm).

The strain energy (� E1) of the COMQUM-X structures is 39 kJ/mole. This is similar 

(1 kJ/mole lower) to what was found for the COMQUM-00 structure. Likewise, the hydrogen-

bond energy (2.8 kJ/mole) is not different from that obtained with COMQUM-00. Thus, there is 

no significant difference between the COMQUM-00 and COMQUM-X structures, although they 

are based on different methods and crystal structures. 

Concluding remarks

In this article we have studied the structure of deoxy, O2, and CO-myoglobin. Starting from 

the crystal structures, we have used combined quantum chemical and molecular mechanics or 

crystallographic refinement calculations to determine the optimum structure of the haem 

group and its ligands in the protein. The optimised structures stay close to the crystal 

structures, and the COMQUM-X structure provides probably the most accurate picture of the 

CO complex available. 

We have investigated different protonation states of the distal histidine residue and the 

results clearly show that in the crystal structure, this residue is protonated on the N� �  atom, 

which forms a weak hydrogen bond to CO. This is in accordance with ample experimental 

and theoretical evidence [6,5,15,83-87,89-91], but not with the neutron structure of CO-

myoglobin [13]. 

The structures have been used to calculate hydrogen-bond energies between the distal 

histidine residue and O2 and CO. These calculations indicate that a hydrogen bond to O2 is 21-

22 kJ/mole stronger than one to CO. These results are in good agreement with our previous 

vacuum calculations, 21 kJ/mole for the pure vacuum structures, and 24 kJ/mole if the 

geometries were forced to be similar to the protein structure by constraining two or three 
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dihedral angles [6]. Thus, reasonable energies can be obtained already in vacuum with 

appropriate constraints. 

The calculated difference in the hydrogen-bond strength is slightly larger than myoglobin's 

discrimination between O2 and CO, 17 kJ/mole. This strongly support the suggestion that 

electrostatic interactions is the main source to this discrimination, rather than steric 

interactions. This conclusion is in accordance with several experimental and theoretical 

investigations [2,6,21,27-32,34,36]. 

However, in a recent crystallographic investigation, Bartunik and coworkers suggest that 

steric strain is the main source for myoglobin's discrimination between O2 and CO [7]. More 

precisely, they observe a concerted movement of the E and F helices of myoglobin when 

comparing the structures of deoxy and CO-myoglobin. This motion leads to altered positions 

of the haem group and the iron ion and gives more room for the CO ligand, which 

nevertheless makes repulsive interactions with the distal histidine residue and the nearby Val-

68 (E11) residue. It must be noted, however, that these geometric observations give no 

information about the corresponding energies and therefore provide very week support for a 

steric mechanism (it may well be that the two configurations of the protein have almost the 

same energy). Moreover, the observation must be complemented by a study of the O2 

structure, before anything can be said about the discrimination between O2 and CO.

Our calculations give no support to the steric mechanism. We observe a significant 

difference in the position of the distal histidine residue between the O2 and CO structures: If 

O2 is optimised in the CO structure, the distal histidine prefers to form a hydrogen bond to the 

proximal, rather than the distal, oxygen atom. This gives rise to a 52-kJ/mole increase in the 

strain energy, but the hydrogen-bond energy is of the same size as in the native structure, and 

if the protein is allowed to relax, the strain energy is reduced by 15 kJ/mole. The structure 

does not converge back to the native structure, however, which shows that conformation of 

the protein observed in CO-myoglobin is a stable local minimum also in O2-myoglobin and 

that the difference between the two structures is rather large. 

We have no reliable estimate of the difference in strain energy in the protein between the 

two structures. However, for the active site (the haem group, the haem ligand, and the two 

histidine residues) we have estimated the strain energies in the two complexes. Interestingly, 
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the strain energy (� E1 in Table 3) is 2-4 kJ/mole lower for the CO complex than for the O2 

complex. This convincingly shows that the haem-CO complex is not more strained than the 

haem-O2 complex in the protein, contrary to Bartunik's suggestion. This conclusion remains 

true even in the COMQUM-X calculations, which are based on Bartunik's crystal structure [7], 

showing that there is no significant difference between the two crystal structures. 

It might be argued that there could be an even larger strain energy in the surrounding 

protein, which is greater for CO than for O2, but there are at least three lines of evidence 

against such a suggestion. First, mutations of the Val-68 residue to a smaller alanine residue 

selectively increases the CO binding constant, but only by a factor of 2 [2]. This shows that 

Val-68 contributes to the discrimination between O2 and CO by less than 2 kJ/mole [5]. 

Second, free energy perturbation calculations have shown that Van der Waals interactions 

contribute by only ~2 kJ/mole to the discrimination between O2 and CO [95]. Third, a larger 

strain energy in the protein would give rise to larger strain energies in the active site of CO-

myoglobin than in O2-myoglobin, contrary to our estimates, because strain arises as an effect 

of opposing forces with equal magnitude (and there is no reason why one of the systems 

should be significantly more stiffer than the other) as we have discussed before [55].

Therefore, it seems safe to conclude that electrostatics is the major source of myoglobin's 

discrimination between O2 and CO. Apparently, it is easier for a protein to exploit the polarity 

difference between FeO2 and FeCO than their differing geometries, probably because a 

protein is not rigid enough to induce small geometric changes onto a bound molecule (the 

protein, rather than the molecule, will distort if their geometric preferences differ). Such a 

conclusion is in accordance with our and others previous findings on various proteins, such as 

blue copper proteins, vitamin B12-dependent enzymes, and lysozyme [55,96-99].
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Table 1. Important bond lengths (pm) and angles (degreees) in the COMQUM-00 calculations. 

Ligand Crystal 
structure

His64 Protein 
relaxed

Fe-NHis Fe-NPor Fe-Por Fe-O/C O/C-O N� � -Oa H� � -O Fe-C/O-O

- - HIE No 211.6 210.5 -63.8 - - - - -

Yes 210.9 213.4 -50.4 - - - - -

HID No 217.7 209.3 -26.7 - - - - -

Yes 220.9 209.9 -33.6 - - - - -

CO HIE No 211.6 208.0 -24.8 - - - - -

Yes 216.0 210.2 -32.1 - - - - -

vacuum 220.5 209.4 -30.5 - - - - -

CO CO HIE No
209.3 203.2 1.1 177.1 115.6

311.7
344.6

251.6
263.9 172.7

Yes
210.1 203.3 1.3 177.2 115.8

314.4
348.5

254.6
268.4 172.6

HID No
218.6 205.4 0.6 182.3 113.3

328.0
357.5

-
173.1

vacuum 208.5 202.7 4.2 177.7 115.7 317.1 216.0 179.4

porphyrin models [6,69] 204-210 197-205 -2 to 2 171-181 112-116 173-180

protein crystals [6,7,16] 206-231 183-208 0-7 173-240 109-121 316-394 - 120-179

O2 O2 HIE No 204.7 202.1 -3.4 186.8 130.1 283.5 185.4 120.2

Yes 208.9 202.6 -3.3 187.0 129.9 292.9 195.1 122.0

CO HIE No 217.2 205.9 -2.1 189.9 129.7 328.7b 235.5b 120.8

Yes 222.1 207.1 -3.1 189.9 129.2 339.6b 245.2b 120.9

vacuum 210.3 201.7 -1.2 186.8 130.0 295.0 196.0 118.7

porphyrin models [6] 207-211 198-200 -3 to 11 175-190 122-124 129-131

protein crystals [6,16] 205-207 195-202 -2 to 18 180-183 121-124 270-340 198 115-123
a For complexes with CO, two figures are given. The first is the N� � -O distance, the second is 

the N� � -C distance.
b The hydrogen bond is in this structure to the proximal oxygen atom.
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Table 2. Energetic results (kJ/mole) of the COMQUM-00 calculations. 

Ligand Crystal His-64 Protein � E1 � EHbond � Ebind

structure relaxed vacuuma proteinb vacuuma proteinb

- - HIE No 37.2 - - - -

Yes 62.6 - - - -

HID No 67.2 - - - -

Yes 59.6 - - - -

CO HIE No 37.7 - - - -

Yes 49.0 - - - -

CO CO HIE No 40.0 -2.2 -5.3 -99.1 -104.4

Yes 44.6 -3.3 -7.5 -97.5 -103.8

HID No 95.9 14.1

Yes 93.5 13.8

- c No 31.4 - - -102.8 -107.3

- c Yes 42.2 - - -105.4 -113.3

O2 O2 HIE No 42.4 -27.9 -31.4 -94.3 -107.4

Yes 48.8 -30.1 -33.4 -86.3 -96.8

CO HIE No 94.8 -30.6

Yes 80.2 -20.7

- c No 37.9 - - -71.9 -111.8

- c Yes 39.8 - - -62.2 -96.6

a This energy was calculated for the quantum system in vacuum.

b This energy was calculated for quantum system including the field of the point charges of 

the protein. 

c In these calculations, His-64 is in the HIE form, but it is not included in the quantum system. 
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Table 3. Geometric parameters (distances in pm, angles in degrees) of the COMQUM-X 

structure of CO-myoglobin, without or with a correction of the systematically too long Fe-

ligand distances with offset forces, compared with the two most accurate structures of this 

protein complex (both at 1.15 Å resolution) [7,16]. 

Structure Fe-NHis Fe-NPor Fe-NPor,av Fe-Por Fe-C C-O N� � -

O

N� � -

C

Fe-C-O

Uncorrected 211.0 200-205 202.5 3.0 176.5 115.5 312.3 352.2 173.1

Corrected 212.1 199-203 200.5 3.8 171.0 114.8 310.6 352.6 174.1

1bzr [7] 211.2 199-203 200.5 1.6 173.1 112.6 311.2 353.2 171.3

1a6g [16] 206.2 194-202 198.4 1.6 182.2 109.2 315.6a 341.7a 171.2

a The distal histidine residue is disordered in this structure.The table describes the 

conformation which is suggested to have the N� �  atom protonated (20% occupancy). The 

other conformation is suggested to represent a structure where the N� �  atom is protonated 

(60% occupancy). It has N� � -O and N� � -C distances of 274 and 318 pm [16].
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Figure 1. The COMQUM-00 structure of the active site of myoglobin without any distal ligand 

and with the distal histidine protonated on the N� �  atom. The complex was optimised in the 

native protein, which was fixed at the crystal structure.
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Figure 2. The COMQUM-00 structure of the active site of myoglobin without any distal ligand 

and with the distal histidine protonated on the N� �  atom. The complex was optimised in the 

native protein, which was allowed to relax during the optimisation.
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Figure 3. The COMQUM-00 structure of the active site of myoglobin without any distal ligand 

and with the distal histidine protonated on the N� �  atom. The complex was optimised in the 

native protein, which was fixed at the crystal structure.
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Figure 4. The COMQUM-00 structure of the active site of myoglobin binding a CO ligand and 

with the distal histidine protonated on the N� �  atom. The complex was optimised in the native 

protein, which was fixed at the crystal structure.
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Figure 5. The COMQUM-00 structure of the active site of myoglobin binding a CO ligand and 

with the distal histidine protonated on the N� �  atom. The complex was optimised in the native 

protein, which was fixed at the crystal structure.
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Figure 6. The COMQUM-00 structure of the active site of myoglobin binding a O2 ligand and 

with the distal histidine protonated on the N� �  atom. The complex was optimised in the native 

protein, which was fixed at the crystal structure.
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Figure 7. The COMQUM-00 structure of the active site of myoglobin binding a O2 ligand and 

with the distal histidine protonated on the N� �  atom. The complex was optimised in CO-

myoglobin, which was fixed at the crystal structure.
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Figure 8. A comparison of the crystal structure of CO-myoglobin (thick lines and no hydrogen 

atoms) [16] with the COMQUM-00 structures of the same complex with either the distal 

histidine protonated on the N� �  atom (thin lines) or on the N� �  atom (intermediate lines). The 

calculations were performed with the protein fixed at the crystal structure.
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Figure 9. The COMQUM-X structure of the active site of myoglobin binding a CO ligand (red) 

compared to the original crystal structure (yellow) [7] and the electron density (a 3fo-2fc map 

at the 2.5 �  level).
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Not completed

CO.HID.fix and free

O2 in CO.fix and free

ComQum-X Offset f

PorO2 and PorO2Im: closed-shell singlets

PorO2Im, vacuum, new

Energies with large basis sets

PorO2Im

Frequencies

Start correct on husmodern (talk to Daniel first)

Plan:

1. Energies with large basis sets

PorO2Im

2. Submit

Remaining jobs:

1. Update abstract with latest ComQum-X results

2. Update the CO-HID structure (T1, T2, F5, F8, p. 14, 20)

3. Update the O2-CO structure (T1, T2, F7, p. 15)
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