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Synopsis 

Myoglobin has the ability to react with hydrogen peroxide, generating high-valent complexes 

similar to peroxidases (compound I and II), and in the presence of excess of hydrogen 

peroxide a third intermediate, compound III with an oxymyoglobin type structure is generated 

from compound II. The compound III is, however, easily one-electron reduced to 

peroxymyoglobin by synchrotron radiation during crystallographic data collection. We have 

generated and solved the 1.30 Å resolution crystal structure of the peroxymyoglobin 

intermediate, which is isoelectric to compound 0 and has a Fe-O distance of 1.8 Å and O-O 

bond of 1.3 Å in accordance with a FeII-O-O- (or FeIII-O-O2-) structure. The generation of the 

peroxy intermediate through reduction of compound III by X-rays shows the importance of 

using single-crystal microspectrophotometry when doing crystallography on metalloproteins. 

After having collected crystallographic data on a peroxy generated myoglobin crystal, we 

were able (by a short annealing) to break the oxygen-oxygen bond leading to formation of 

compound II. These results indicate that the cryoradiolytic generated peroxymyoglobin is 

biological relevant through its conversion to compound II upon heating. Additionally, we 

have observed that the Xe1 site is occupied by a water molecule, which is the leaving group in 

the compound II to compound III reaction. 
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INTRODUCTION 
Myoglobin (Mb) is a haem protein that is responsible for oxygen storage and transportation in 

the heart and skeletal muscle [1, 2]. Already in the 1930s it was discovered that globins could 

react with hydrogen peroxide, and this was further studied for Mb in the 1950s [3, 4]. The 

ability of Mb to react with hydrogen peroxide, generating high-valent complexes similar to 

peroxidases (compound I and II) (Scheme 1), is thought to have physiological relevance 

through its involvement in oxidative stress reactions [5-7]. Mb may for instance play a 

defensive role protecting the heart by removal of reactive oxygen species (ROS) [8]. This 

high-valent Mb can, however, also oxidise essential biological constituents [9].  

The classical peroxidase reaction cycle involves a two-electron oxidation-reduction 

(Scheme 1). In the first step the resting ferric (FeIII) high spin (S=5/2) form is oxidised by 

hydrogen peroxide to a water molecule and a haem state that is two oxidation equivalents 

higher (compound I) than the resting ferric form.  This first step propagates through a 

hydroperoxy-intermediate (compound 0) where compound I is generated through a heterolytic 

cleavage of the O-O bond [10-12]. For peroxidases the distal His is assumed to function as an 

acid/base catalyst to facilitate heterolytic cleavage by accepting a proton from the inner 

oxygen (oxygen ligated to the iron) and then donating it to the outer oxygen (i.e. leaving 

water) [13]. The compound I intermediate formed is two oxidation equivalents higher than the 

resting form (FeIII). One electron is withdrawn from the iron, resulting in a ferryl (FeIVO) state 

with a double-bonded oxygen atom and intermediate spin state (S=1). Depending on the 

peroxidase, the second oxidising electron comes from either the porhyrin ring, giving a p-

cation radical, or from an amino acid residue (Trp or Tyr) near the haem ring [14]. In the 

second step of the peroxidase reaction cycle compound I carries out a substrate oxidation 

resulting in a one-electron reduction to compound II (S=1) by the loss of the haem/protein-

radical. From crystallographic studies the compound II is suggested to be a ferryl state with a 

single-bonded protonated oxygen atom [15]. The last step of the cycle is a further one-

electron reduction of compound II to the resting ferric form accompanied again by a second 

substrate oxidation. 

In the presence of excess of hydrogen peroxide the compound II can react with 

another hydrogen peroxide molecule generating a third intermediate, called compound III 

(Scheme 1). The formation of compound III, which is similar to a ferrous-oxy (or ferric-

superoxy) state is well documented in peroxidases [16], and can also take place in Mb [4]. We 
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have been able to generate this compound III in Mb crystals, but the intermediate experiences 

a fast one-electron reduction by the synchrotron radiation during the crystallographic data 

collection. A one-electron reduction of the compound III leads to a peroxy intermediate that is 

isoelectric with compound 0. We present here the crystal structure of the cryoradiolytic 

generated peroxyMb to a resolution of 1.30 Å, and show that a peroxyMb state generated in 

this way will by a short heating undergo a cleavage of the oxygen-oxygen bond and propagate 

to compound II. 

EXPERIMENTAL 
Purification and crystallisation.  

Horse heart Mb (Sigma) was further purified by gel filtration on a Sephadex G75 column 

using the absorption-ratio at 410/280 nm as the purification criterion. The crystals were grown 

at room temperature by batch methods with a 6-12 mg/mL Mb-concentration and 80-85% of 

the crystallisation stock-solution [17]. The stock-solution contained 3.9 M ammonium 

sulphate, 0.1 M MOPS or HEPES buffer with pH 6.8 and 5-10% of glycerol. Rosette-shaped 

clusters of thin, plate-shaped crystals were grown within 1-7 days. 

Microspectrophotometry 

Measurements were carried out on a microspectrophotometer system (4DX Systems AB, 

Uppsala, Sweden) on SNBL, and earlier measurements applied the Cryo-bench in connection 

with ID09 at the European Synchrotron Radiation Facility (ESRF) [18]. The crystals were 

transferred in liquid nitrogen between the diffractometer and the microspectrophotometer by 

the use of cryo tongs (Hampton Research). 

X-Ray data collection 

For the X-ray diffraction experiments a single crystal was separated from a rosette and 

transferred into a cryo-solution containing 75-80% crystallisation stock-solution and 20-25 % 

glycerol. Compound III intermediates were prepared by 30 s of incubation in a cryo-solution 

to which it had been added H2O2 to a final concentration of 22-44 mM, with subsequent flash 

freezing in liquid nitrogen. The diffraction data were collected at the Swiss-Norwegian Beam 

Line (SNBL) BM01A at ESRF, Grenoble, France (Table 1). Data were collected using a 

MAR345 image-plate detector. Data collection temperatures were in the range 100-110 K. 
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The diffraction data were processed and scaled with MOSFLM [19] and  SCALA [20, 21] or 

DENZO [22] and SCALEPACK [22]. The structure with PDB entry 1GJN [17], served as a 

starting model for refinments that included multiple cycles of restrained refinement in Refmac 

[20, 23], model building in Coot [24] and addition of water molecules by ARP/wARP [25]. In 

the later stages TLS refinement was introduced, and for the 1.30 Å structure final rounds with 

restrained anisotropic refinement were performed with Refmac [26, 27]. The anisotropy was 

then monitored through the PARVATI program [28]. Both steps lead to a significant drop in 

the Rcryst- and Rfree-values. No restraints were used for the Fe-NHAEM, Fe-NHIS, Fe-O and O-O 

distances. The peroxy/hydroxy group and the extra water in the pocket show a strong and well 

defined density, and the peroxy, group the extra water and the iron have been refined with 

100% occupancy resulting, for the 1.30 Å resolution structure, in isotropic B-factors of 28, 

14/17 and 11 Å2, respectively. The figures were prepared with PyMOL [29]. The atomic 

coordinates and structure factors have been deposited in the Protein Data Bank, Research 

Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ 

(http://www.pdb.org/) with PDB-codes XXXX, YYYY, ZZZZ and WWWW (Table 1). The 

1.30 Å resolution crystal structures of the radiation generated compound 0 equivalent refined 

to final Rcryst and Rfree values of 14.7 and 17.5 (Table 1).. 

Dose calculations 

For absorbed X-ray dose calculations the program RADDOSE was used [30]. The beam size 

was 0.3 x 0.3 mm, and the two crystals were ~0.3 x 0.2 x 0.02 mm3. For the dose calculations 

a typical flux in the order 1 x 1012 photons s-1 for a 0.5 x 0.5 mm2 focal spot was used [31], 

which gives a rough estimate of the dose.  

Quantum refinement 

Quantum refinement [32, 33] is essentially standard crystallographic refinement 

supplemented by quantum chemical calculations for a small part of the protein. 

Crystallographic refinement programs change the protein model (coordinates, occupancies, B 

factors, etc.) to improve the fit of the observed and calculated structure-factor amplitudes 

(usually estimated as the residual disagreement, the R factor). Owing to the limited resolution 

normally obtained for biomolecules, the experimental data are supplemented by some 

chemical information, usually in the form of a molecular-mechanics (MM) force field [34]. 

Then, the refinement takes the form of a minimisation or simulated annealing calculation by 

molecular dynamics using an energy function of the form  
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 ECNS = EMM12 + wA EXray       (1) 

where EXray is a penalty function that describes how well the model agrees with the 

experimental data (we have used a maximum-likelihood refinement target using amplitudes, 

MLF) [35, 36]. EMM12 is an MM energy function with bond, angle, dihedral, and non-bonded 

terms, and wA is a weight factor, which is necessary because EMM12 is in energy units whereas 

EXray is in arbitrary units. It determines the relative importance of the crystallographic raw 

data and the MM force field for the final structure.   

Quantum chemistry can be introduced in this function by replacing the MM potential 

for a small (but interesting) part of the protein (system 1) by a quantum mechanics (QM) 

calculation, yielding a QM energy for system 1, EQM1. To avoid double counting we must then 

subtract the MM energy of system 1, EMM1:  

 EComQum-X = wQM EQM1 + EMM12 – EMM1 + wA EXray    (2) 

Thereby, we introduce an accurate energy function for the system of interest. Such an energy 

function is implemented in the software ComQum-X [33], which is a combination of the QM 

software Turbomole [37] and Crystallography and NMR system (CNS) [38]. The factor wQM 

in Eqn. 2 is another weight, which is needed because the CNS MM force field is based on a 

statistical analysis of crystal structures [39]. Therefore, the force constants are not energy-

derived, as is the QM term, but they are in arbitrary statistical units. Experience has shown 

that the CNS force constants are typically three times larger than energy-based force constants 

[39], and wQM = 3 has therefore been used throughout this work [33]. 

Special attention is needed if there is a covalent bond between the QM system and the 

surroundings protein. This is a well-known problem in the popular combined QM and MM 

methods (QM/MM) [40, 41] (ComQum-X can also be seen as a QM/MM method with 

restraints to crystallographic raw data), and a simple and robust solution [42] is to truncate the 

QM system with hydrogen atoms, the positions of which are linearly related to the 

corresponding carbon atom in the protein [33]. Of course, EMM1 is also calculated with these 

hydrogen atoms, so that artefacts introduced by the hydrogen truncation may cancel out. 

Following crystallographic custom, protons and electrostatic interactions are ignored in the 

refinement, except of course in the quantum chemical calculations. 

ComQum-X has been tested by re-refining the structure of N-methylmesoporphyrin 

bound to ferrochelatase [33]. The results showed that we may improve the structure locally in 

terms of the Rfree factor. Moreover, we have shown [43] that refinement with ComQum-X of a 
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medium-resolution (170 pm) crystal structure of cytochrome c553 brings the geometry of the  

haem group and its ligands closer to that observed in an atomic-resolution structure (97 pm) 

of the same protein [44]. For example, the errors in the Fe–ligand distances are reduced from 

0.03–0.09, 0.12, and 0.32 Å to 0.01, 0.00, and 0.02 Å (for the porphyrin, histidine, and 

methionine ligands, respectively). We have also shown that ComQum-X can be used to 

deduce the protonation state of metal-bound solvent molecules in protein structures [32, 45].   

The QM calculations were performed with density functional theory, using the Becke-1988–

Perdew-1986 functional [46, 47] and the 6-31G* basis set [48] on all atoms, except Fe, for 

which the DZP basis set of Schäfer et al. was used [49]. 

 

RESULTS AND DISCUSSION 
Compound III formation in Mb crystals  

To generate Mb compound II crystals, we normally use a cryo solution containing 11-22 mM 

H2O2, but by increasing the concentration up to 44 mM we observed a change in the single-

crystal light absorption (microspectrophotometry) spectra of the hydrogen peroxide incubated 

crystals. The compound II crystal spectra (110 K) have characteristics peaks at 540 and 580 

nm with a clear shoulder at 595 nm (Fig. 1). For crystals incubated with higher hydrogen 

peroxide concentrations, the shoulder at 595 nm disappears resulting in only two quite sharp 

peaks at 540 and 580 nm. This is typical for low-temperature oxyMb spectra [50], and 

demonstrates the formation of Mb compound III.  

Cryoradiolytic reduction to peroxyMb 

It has been shown that the oxyMb is quite easily one-electron reduced by 60Co g-irradiation 

[50, 51]. Similar spectroscopic changes are observed for synchrotron X-ray irradiated Mb 

compound III. The Mb compound III peaks at 540 and 580 nm decrease, while a new peak at 

567 nm increases in intensity showing the formation of peroxyMb (Fig. 1). The radiation-

induced reduction is quite fast at SNBL (BM01A, ESRF), and correspond to a data collection 

of only a few percent of a complete high-resolution dataset (see discussion below). Fig. 1 

shows three spectra of the same compound III crystal after data collection. The crystal was 

mounted (in a 0.2-0.3 mm loop, Hampton Research) in such a way that only the bottom half 

of the crystal was in the 0.3 x 0.3 mm2 synchrotron beam. The top part of the crystal, which 

has not been in the beam, shows an unreduced compound III, the middle part of the crystal, 
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which has been only partially in the beam, shows partially reduced compound III, while the 

bottom part, which has been completely in the beam, shows a fully reduced compound III 

(peroxyMb). The bottom half of the crystal has absorbed a dose estimated to ~36 MGy. 

Structure and properties of peroxyMb 

The 1.30 Å resolution crystal structure of the radiation-generated peroxyMb refined to final 

Rcryst and Rfree values of 14.7 and 17.5 (Table 1). The structure shows a Fe-O distance of 1.84 

Å and an O-O distance of 1.26 Å (Fig. 2A). The overall structure is quite similar to both 

radiation-induced ferric Mb and radiation-induced Mb compound II structures (Fig. 3A) [52]. 

The intermediate is also quite similar to the published oxyMb structures [53], with similar Fe-

O and O-O distances as well as O-O orientation (Fig. 3B). Quantum refinement [15, 43, 54] 

has been performed on the 1.30 Å resolution crystal structure. The different possibilities (oxy, 

peroxy, and hydroperoxy states, with different protonation of the distal histidine) show almost 

equally good fit and strain energies. The largest variation is for the O-O (1.30-1.55 Å) and Fe-

O (1.77-1.84 Å) distances (Table 2). However, the peroxy states seem to give the best 

interpretation of the structure, considering the spectroscopic results together with the fact that 

the structure refined without any restrains around the haem group gives an O-O distance of 

1.26 Å (indicating O2
–•), and that the peroxy structures give among the best Rfree and residue R 

factors. From the quantum chemical calculations, it can be seen that the peroxy structures are 

best interpreted as a FeII-O2
–• state (with 0.2-0.5 spin on Fe and 0.6-0.8 spin on O2; cf. Table 

2), explaining the short O-O bond. 

We have in the refinement of the 1.30 Å structure tried to use only the first third or last 

third collected frames of the dataset to see if there could be some indication of a transition 

from compound III (oxy) to peroxy or from peroxy to hydroperoxy, but the O-O distance 

retains the same value as for the full dataset refinement within the estimated uncertainty. The 

used X-ray dose for the first third of the data is probably more than enough to reduce 

compound III to peroxyMb. 

Since the radiation-induced reduction of compound III occurs at 110 K in a crystal, it 

is reasonable that a peroxyMb form and not a hydroperoxyMb form has been generated. It has 

been shown that an annealing of frozen peroxyMb solution to temperatures near 185 K results 

in a protonation and generation of hydroperoxyMb [10, 51]. The study of these radiation-

induced intermediates of oxyMb and compound III illustrates a way to trap early 

intermediates in the peroxidase cycle, like the compound 0.  It has recently been shown that 
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the protonated peroxy (i.e. hydroperoxy) intermediate generated with cryoradiolysis will 

decay to the Mb compound II state, showing that compound 0 is a real intermediate in the 

peroxidase cycle of Mb [51]. The formation of hydroperoxyMb has also been shown to appear 

directly in the reaction between Mb and hydrogen peroxide by stopped flow and rapid 

freezing-EPR experiments [12]. 

Breaking of the oxygen-oxygen bond 

To further characterise the properties of the peroxyMb state, and its relevance as a compound 

0 analogue, three datasets were collected on one Mb compound III crystal at different stages. 

Fig. 4A shows the single-crystal light absorption spectra of the crystal at the different stages. 

The crystal was first incubated with hydrogen peroxide for a short time resulting in strong 

compound II features with the typical shoulder at 595 nm. To aquire a complete generation of 

compound III, the crystal was moved back into the cryo-solution containing hydrogen 

peroxide and incubated for about 60 sec. more. The crystal showed after this treatment a 

complete formation of compound III, which clearly demonstrates that the formation of 

compound III in the crystal propagates through compound II.   

 Two consecutive datasets were collected, the first one with a dose of ~3 MGy (Dataset 

1), and the second one with a dose of ~10 MGy (Dataset 2). The light absorption spectrum 

collected after Dataset 2 shows the characteristic peroxyMb features (Fig. 4A). For the 

peroxyMb spectrum an additional peak is observed in the Soret region at shorter wavelengths 

compared to the 425 nm compound III peak (Fig. 4B). This results in two peaks at 360 and 

433 nm, and resembles a “hyperphorphyrin” spectrum (Fig. 4B) [55]. Similar observations 

with an extra peak in the Soret region in HRP and cytochrome P450 (P450) have been 

proposed to indicate the hydroperoxy/compound 0 intermediate [55, 56]. The structures 

resulting from Dataset 1 and Dataset 2 are shown in Fig. 2B and 2C, and show a shorter O-O 

bond for Dataset 1 than Dataset 2. The trend indicates that Dataset 1 is mostly compound III 

(oxy) with a shorter O-O bond, while Dataset 2 is mostly peroxyMb, however, the resolution 

is not high enough to be conclusive, and a bond of 1.16 Å is to short for an oxy species 

indicating that the distance is underestimated. It can further be noted that to observe the 

possible compound III state (Dataset 1) the crystal experienced only 8% of the dose felt by the 

1.30 Å resolution peroxyMb crystal, which indicates that the 1.30 Å resolution peroxyMb 

structure is best described as a peroxy state. The reduction of compound III is thereby quite 

fast and occurs well below the classical Henderson dose limit of 20 MGy [57].  
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 A short annealing of 1 sec. of the crystal (after collection of Dataset 2) resulted in the 

formation of Mb compound II (Fig. 4A, and dashed line in Scheme 1). The characteristic 

shoulder at 595 nm can be seen, but it has a relative lower intensity than normal, so the 

conversion might not be complete. The structure of the dataset collected on this state (Dataset 

3) can be seen in Fig. 2D, and compared to Dataset 2 in Fig. 3C. The figures show the 

radiation-induced compound II also called intermediate H as indicated by the light absorption 

spectra (Fig. 4A) [52]. When comparing Fig. 2C and 2D it is clearly seen by the electron 

density difference maps that the molecular oxygen has changed into a single oxygen atom. 

The Fe-O distance of the radiation-induced compound II is, however, 0.1 Å longer than 

expected for this state by comparing it to the previously published high-resolution structure 

(Fig. 3D) [52]. The comparisons show that the oxygen atom is shifted to some extent along 

the oxygen-oxygen direction increasing the Fe-O distance (Fig. 3A,3B,3C). This along with 

the spectroscopic evidence (relative lower 595 nm shoulder peak intensity) and the short 

annealing time, might suggest that the conversion to compound II is not complete. Dataset 3 

might still contain some amount of peroxy, indicating possibly why the Fe-O is 0.1 Å to long. 

An annealing of this radiation-induced compound II results as previously reported in a 

regeneration of the compound II [52].   

 These results show that compound III can be cryoradiolytic reduced to a peroxyMb 

state that is analogous to the proposed compound 0 precursor in the reaction with hydrogen 

peroxide by its propagation to compound II on heating. The hydroperoxy state is an important 

intermediate in the peroxidase reaction cycle, as well as important for the oxygen-activation 

of P450 monooxygenases. For P450 Schlichting et al. trapped the oxyP450 complex and 

converted it to compound I with 1.5 Å wavelength at cryogenic temperature and further to 

product after heating [58]. For Mb we have been able to trap the peroxy state, and by heating 

above the glass transition temperature cleaved the oxygen-oxygen bond leading to formation 

of the high-valent compound II state.      

Occupation of the Xe1 site 

The crystal structure of the peroxyMb state shows a water molecule in the haem pocket. Mb is 

regarded to have highly conserved internal cavities used in binding and dissociation of 

molecules like CO, NO and O2 that ligate to the haem iron [59]. The use of time-resolved 

Laue diffraction in the study of the dissociation of CO has shown how CO migrates through 

different cavities and end up in the Xe1 binding site [60-62]. The Xe1 site has been seen to be 

occupied in oxyMb, but not in ferric metMb [53]. The site is located below the haem plane 
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and surrounded by the haem, the distal His-64 and four hydrophobic residues (Leu-89, Leu-

104, Phe-138 and Ile-142) (Fig. 2A). The Xe1 site in the crystal structures of the different 

complexes in the reaction from ferric metMb to Mb compound II and further to Mb 

compound III was inspected. For ferric metMb and Mb compound II no electron density was 

observed at the Xe1 site [52]. The published structures for ferric metMb and Mb compound II 

have experienced some radiation-induced changes during crystallographic data collection 

(ferric metMb changed to aqua ferrous Mb and Mb compound II changed to intermediate H) 

[52], but since the data collection occurred at 110 K, a potential molecule in the Xe1 site 

would not be expected to easily move away. This shows that the interpretation of an empty 

Xe1 site in ferric metMb and Mb compound II is valid. In our peroxyMb structure we observe 

electron density consistent with a water molecule in the Xe1 site. Since the process from Mb 

compound III to peroxyMb also occur at 110 K, the water molecule would not be expected to 

move at this low temperature. Therefore the Mb compound III structure should have a water 

molecule in the Xe1 site. In the reaction from compound II to compound III, the leaving 

group is a water molecule (Scheme 1), and since the Xe1 site is not occupied in Mb 

compound II or ferric metMb, it is likely that this water molecule enters the Xe1 site after the 

compound II to compound III reaction has occurred at the haem group. This provides further 

evidence for the use of these sites and migration pathways also for products of chemical 

reactions taking place in the active site. The Xe1 site is also occupied in Dataset 1 and Dataset 

2 (Fig. 2B and 2C), but after the heating and breaking of the oxygen-oxygen bond, the 

occupancy of the Xe1 site has clearly decreased as seen by the electron density (Fig. 2D). The 

fact that the oxygen atom has not completely vanished might further indicate that Dataset 3 

still contains portions of peroxyMb. 

Influence of proximal residue 

Our structure is probably in the peroxy form (FeII–O2
–•), with a short O-O bond of 1.3 Å. For 

chloroperoxidase (CPO), however, it is the hydroperoxy form with a longer O-O bond of 1.5 

Å that is observed [63]. It has been put forward that the Cys-ligated peroxidases and 

monooxygenases are more basic than the His-ligated ones and therefore that the abstraction of 

a hydrogen proton is easier, resulting in a protonated ferryl species for compound II [64]. The 

more basic character can possibly explain why a reduction of CPO compound III by X-rays 

results in the hydroperoxy form, instead of the peroxy form observed in Mb [63]. It has been 

shown that peroxyMb can only abstract a proton if the temperature is increased to about ~185 

K [10].  
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Conclusion 

In conclusion, we have generated and solved the structure of the peroxyMb intermediate 

isoelectric to compound 0 with a Fe-O distance of 1.8 Å and O-O bond of 1.3 Å (1.34 Å from 

quantum refinement for peroxy HIE) in accordance with a FeII-O-O- structure. The structure is 

most probably biological relevant as an analogue to hydroperoxy/compound 0 intermediates 

in peroxidases and monooxygenases. This is supported by the observation of peroxyMb being 

able to propagate to compound II upon heating of the crystal. The peroxy intermediate was 

generated by reduction of compound III by synchrotron X-ray radiation during 

crystallographic data collection showing the importance of using single-crystal 

microspectrophotometry when doing crystallography on metalloproteins. This also raises the 

question about the real oxidation state of the previously reported crystal structures of oxyMb. 

Additionally, we have observed that the Xe1 site is occupied probably by the leaving group 

from the compound II to compound III reaction.  
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TABLE 1 
Table 1 – Crystal data, data collection and refinement statistics. 

 peroxyMb Dataset 1 Dataset 2 Dataset 3 
Crystal data     

Space group P21 P21 P21 P21 

 a , b, c (Å) 63.6 / 28.7 / 
35.3 

63.8 / 28.7 / 
35.4 

63.9 / 28.7 / 
35.5 

63.7 / 28.7 / 
35.4 

b (°) 105.9 105.8 105.8 105.8 
Data collection     

X-ray source ESRF-BM01A ESRF-BM01A ESRF-BM01A ESRF-BM01A 
Wavelength (Å) 0.8727 0.8000 0.8000 0.8000 
Temperature (K) 110 100 100 100 
Resolution range (Å) 26.6-1.30 22.0-1.60 34.1-1.50 34.1-1.60 
Completeness (%)*  98.2 / 97.3 98.1 / 99.5 99.5 / 100.0 99.7 / 99.9 
Redundancy (%)* 4.0 / 3.7 2.7 / 2.7 3.6 / 3.0 3.7 / 3.1 
I/sd(I)* 15.2 / 2.8 10.3 / 2.3 12.7 / 2.3 13.9 / 2.4 
Rsym

* ¶ 4.7 / 42.1 7.9 / 44.8 6.3 / 43.9 5.4 / 42.7 
Refinement Statistics     

Rwork (%)† 14.7 16.7 16.2 16.3 
Rfree (%)# 17.5 20.9 19.0 19.0 
Mean overall isotropic B-
factor (Å2) 17.2 16.9 17.9 19.9 

Ramachandran plot: 
ration in most favoured / 
other allowed regions (%) 

 

91.0 / 9.0 91.8 / 8.2 90.3 / 9.7 91.8 / 8.2 

Estimated overall 
coordinate error based on 
Rwork/ Maximum 
Likelihood (Å) 

0.063 / 0.032 0.108 / 0.071 0.084 / 0.057 0.103 / 0.065 

Added waters 177 161 173 160 
Volume not occupied by 
model (%) 4.4 5.4 4.6 5.5 

PDB code     
* The value before the backslash is for all data, and the value after the backslash is 
for the data in the highest resolution shell 
¶ Rsym = å|I-<I>| / åI –  
† Rcryst = å (|Fobs| – |Fcalc|) / å|Fobs|  
# Rfree is the Rcryst calculated on the 5% reflections excluded for refinement. 
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TABLE 2 
Table 2 – Results of the quantum refinements. The oxy states are formally FeII–O2 = FeIII–O2

–•, which after one-electron addition yield the peroxy 
states FeII–O2

–• = FeIII–O2
2–, and the hydroperoxy states FeII–HO2

• = FeIII–HO2
–. His indicates the protonation state of the distal His residue 

(His-64), i.e. if it is protonated on the Nd1 atom (HID), on the Ne2 atom (HIE) or on both atoms (HIP). Residue R is the residue (real-
space) R factor, and R omit is calculated from the electron-density map omitting the haem group, the O2 ligand, and the proximal and 
distal ligands. DrQM is the difference in the six Fe–ligand bond lengths between the quantum refinements and QM vacuum optimizations. 
Likewise, DEQM1 is the energy difference (in kJ/mol) of the quantum system optimized in vacuum or with quantum refinement in the 
protein. 

. 
State His Distances (Å) Rfree Residue DrQM DEQM1 Spin on 
  Fe–NPor Fe–NHis Fe–O O–O Oouter–NHis  R (Å)  Fe O 
Oxy HIE 2.01-2.03 2.08 1.80 1.30 2.78 0.200270 0.074 

 
5.4 32.9 -0.79 0.74 

 HIP 2.01-2.02 2.07 1.80 1.33 2.59 0.199976 0.089 
 

10.1 30.7 0.71 -0.70 

Peroxy HIE 2.01-2.03 2.08 1.84 1.34 2.69 0.200059 0.076 
 

6.8 32.1 0.24 0.79 

 HIP 2.00-2.03 2.08 1.83 1.38 2.46 0.199662 0.094 
 

9.6 30.7 0.48 0.60 

Hydroperoxy HID 2.01-2.03 2.08 1.79 1.43 2.69 0.199776 0.082 
 

8.3 29.3 0.70 0.38 

 HIE 2.01-2.04 2.08 1.78 1.50 2.80 0.199860 0.085 
 

6.6 41.6 0.88 0.18 

 HIP 2.01-2.03 2.08 1.77 1.55 2.63 0.199596 0.097 
 

8.2 35.2 0.94 0.12 

Crystal *  2.03-2.04 2.09 1.84 1.26 2.74 0.175 0.147     

*Crystal structure with resolution 1.30 Å and PDB-code XXXX 
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FIGURE LEGENDS 
Figure 1 - Single-crystal light absorption spectra (all at pH 6.8) of a ferric Mb, Mb 

compound II, and three spectra of the Mb compound III crystal after data 

collection (top, middle and bottom part of the crystal).  

Figure 2 - Crystal structures of the haem regions shown with the electron density 

2Fo-Fc map (contoured at 1s in golden), the final Fo-Fc map (at +3s in green 

and at -3s in red) and difference Fo-Fc map with the peroxy/hydroxy atoms and 

extra water molecule omitted for map calculation (at 4s in blue). A: peroxyMb 

(radiation-reduced compound III) (resolution 1.30 Å) (dose estimated to ~36 

MGy) , B-D: consecutive datasets collected on same crystal B: Dataset 1 – 

compound III (resolution 1.60 Å) (dose estimated to ~3 MGy), C: Dataset 2 – 

peroxyMb (resolution 1.50 Å) (dose estimated to ~10 MGy), D: annealing 

before collecting Dataset 3 – radiation-induced compound II (intermediate H) 

(resolution 1.60 Å) (dose estimated to ~12 MGy). 

Figure 3 - Structural overlay of A: peroxyMb (resolution 1.30 Å) in green and the 

radiation-induced Mb compound II (intermediate H) (resolution 1.30 Å, 2V1E) 

in pink, B: peroxyMb (resolution 1.30 Å) in green and sperm whale oxyMb 

(resolution 1.00 Å, 1A6M) [53] in yellow, C: peroxyMb (Dataset 2, resolution 

1.50 Å) in light-green and radiation-induced Mb compound II (Dataset 3, 

resolution 1.60 Å) in light-pink, D: the radiation-induced Mb compound II 

(intermediate H) (resolution 1.30 Å, 2V1E) in pink and radiation-induced Mb 

compound II (Dataset 3, resolution 1.60 Å) in light-pink. 

Figure 4 - Single-crystal light absorption spectra (pH 6.8) used to monitor the 

changes in the Mb crystal subjected to collection of Datasets 1, 2 and 3. A: 
Standard ferric and ferrous Mb spectra shown as references. The time course 

shows spectra of the crystal: after incubated with hydrogen peroxide: 

compound II generated, after longer incubation: compound III generated, after 

collection of Datasets 1 and 2: peroxyMb generated, after a rapid annealing: 

compound II generated, after collection of Dataset 3: intermediate H 

generated, and finally after a rapid annealing: compound II regenerated. B: 

Spectra of the Mb crystal before Dataset 1 and after Dataset 2 are shown with 

extension to the Soret region. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 

 


