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2 
The photodissociation of 

carboxymyoglobin (MbCO) 
 

This chapter focuses on myoglobin, a relatively small protein (~18 kDa) which is 
present in all vertebrate systems. Myoglobin plays an essential role in the diffusion of 
oxygen to the mitochondria of aerobic muscle, and also as oxygen storage for 
metabolic respiration during periods of hypoxia or high oxygen demand. This chapter 
presents an introduction with special focus on myoglobin characterization and on the 
kinetics of the rebinding reaction of a CO molecule after photodissociation. 
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2.1 Myoglobin function 
 
Myoglobin is a single-subunit intercellular protein found in vertebrates particularly in 
mammals. 2 Its main function is to deliver oxygen to the mitochondria in red muscle 
cells. 1,3 Similarly to hemoglobin (Hb), myoglobin (Mb) is a heme protein whose 
physiological importance is principally related to its ability to bind molecular oxygen 
via its heme cofactor. Its structure is similar to the subunits of hemoglobin and although 
the heme cofactor is identical in both of them, myoglobin has higher oxygen binding 
affinity than hemoglobin: In the blood of a healthy person, the partial pressure of 
oxygen (pO2) for Hb is approximately 26 mm Hg at 50% saturation of Hb. However, 
pO2 for Mb for this condition is about 1 mm Hg. 4 This difference in affinity leads to 
these proteins performing different functions in the body. 5 Whereas hemoglobin is 
responsible for binding oxygen in the lung and transporting the bound oxygen through 
the body via the bloodstream, myoglobin is found mostly in muscle tissue as an 
intracellular storage site for oxygen. 6 
Like oxygen, carbon monoxide binds coordinately to the heme’s iron atom, but its 
binding affinity is 240 times greater than that of oxygen. This preferential binding of 
carbon monoxide is largely responsible for the asphyxiation resulting from carbon 
monoxide poisoning: 7 CO replaces oxygen in hemoglobin, decreasing the oxygen-
carrying capacity and resulting in less released oxygen to tissues. 8 Similarly, CO when 
bound to myoglobin, leads to a lower supply of oxygen to the muscles. 9 Other heme-
containing proteins, in particular mitochondrial cytochrome c oxidase, can also be a 
target site in human acute CO poisoning. 10 For more than a hundred years, carbon 
monoxide (CO) has been known as a toxic-killer substance that competes with oxygen 
for delivery to tissues. In recent years, it has been discovered that low concentrations 
of CO show remarkable protective effects as a cytoprotective and homeostatic 
molecule with important signaling capabilities and pathophysiological situation. 11 
Moreover, each cell of a mammalian organism expresses heme oxygenase enzymes 
for continuous generation of CO with a key role in circadian rhythms, memory and 
hemodynamic regulation. 12,13  
 
2.2 Myoglobin structure 
 
Myoglobin was the first protein that its three-dimensional structure determined by X-
ray crystallography. This crystal structure was revealed by J.C. Kendrew, who shared 
the 1962 Nobel Prize in chemistry with Max Perutz 14 for this work. Myoglobin with a 
molecular mass of 18 kDa is a monomeric protein consisting of seven α-helical and 
six non-helical segments, which contains 153 amino acids 15 that form a binding pocket 
for the heme cofactor to be discussed below (Figure 2.1A). 
The iron ion has six positions to bind ligands, four of which are provided by the nitrogen 
atoms of the four pyroles of a porphyrin. The π electron system of the porphyrin 
interacts with an iron d-orbital in the porphyrin plane. The imidazole side chain of His93 
(proximal histidine) is attached directly to the iron (Figure 2.1B). It provides the fifth 
ligand, stabilizing the heme group and slightly displacing the iron ion away from the 
plane of the heme. The sixth ligand position is available for potential ligands such as 
O2, CO or NO. His-64 (distal histidine) interacts with ligand substrates but not with iron. 
These two main interactions between the heme’s iron center, the porphyrin ring and 
the surrounding amino acids stabilize the heme–protein conjugate. 
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Figure 2.1. (A) The myoglobin structure consists of eight α-helices (blue) that surround 
a central heme pocket (red). The heme binds to various gaseous ligands including 
oxygen, carbon monoxide and nitric oxide. (B) The protoheme group is stabilized by 
two histidine amino acids: the distal histidine residue above (His64) and the proximal 
histidine below (His93). 15 
 
The porphyrin group is a heterocyclic organic macrocycle, consisting of four modified 
pyrrole rings joined by methine bridges (=CH−). The core structure of porphyrin is 
called porphin (Figure 2A). 16,17 Typical absorption spectra of porphyrins exhibit two 
main features, a single intense band named the Soret band and a group of weaker 
bands called Q-bands (Figure 2.2B). 18 
 

 
Figure 2.2 (A) The chemical structure of porphin and (B) The absorption spectra of 
porphyrin. The strong peak is referred to as the Soret band and the weak group 
appearing at higher wavelength is split into four bands. 17,19  
 
There are three relevant ligation states for myoglobin, metmyoglobin (met-Mb), in 
which the iron is in the oxidized form (Fe3+) and a water molecule is covalently bound 
to the heme; deoxymyoglobin (deoxy-Mb), in which the iron is in the ferrous state 
(Fe2+) and no ligand is bound to the iron, leaving it with an unoccupied sixth 
coordination site; and oxymyoglobin (oxy-Mb) or carboxymyoglobin (MbCO), in which 
the iron is in the ferrous state (Fe+2) and has a ligand (O2 or CO) covalently bound to 
the heme via the iron’s sixth coordination site. 20 
These different oxidation states of iron and the type of bound ligand can be readily 
identified using ultra-violet/visible (Uv-vis) absorption spectra (Figure 2.3). The main 
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features of the Mb Uv-Vis spectra stem from the heme cofactor and consist of (1) the 
Soret-band in the 365 to 500 nm region and (2) the Q-bands in the 500 to 700 nm 
region. For met-Mb, the Soret band peak appears at 409 nm and the Q-band is marked 
by a weak peak at around 503 nm (Figure 2.3A, brown color) while, in deoxymyoglobin 
(deoxy-Mb), the Soret peak is observed at 433 nm and the Q-band shows a strong 
peak at 555 nm (Figure 2.3B, green color). Binding of CO (carbonoxymyoglobin, 
MbCO) shifts the Soret band to 423 nm and splits the Q-band into two peaks centered 
at 540 nm and 580 nm (Figure 2.3C, red color). Figure 2.4 shows the difference 
between deoxy-Mb and MbCO states in the Q-bands (500-700 nm) (Figure 2.4A), and 
Near-Infrared (NIR) (700-1000 nm) regions of the spectrum (Figure 2.4B). 20,21 

 
 

Figure 2.3. Absorption spectra and chemical structures of heme for met-Mb (A), 
deoxy-Mb (B), and MbCO (C). All absorption spectra have been measured 
experimentally at Leiden University. 

Met-Mb 

Deoxy-Mb 

MbCO 
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Figure 2.4. (A) A comparison of the Q-bands (500-700 nm) and (B) NIR (700-1000 
nm) bands between deoxy-Mb and MbCO. 21  
 
2.3 Components of MbCO and deoxy-Mb spectra 
 
As discussed above, association or dissociation of ligands to the heme is 
accompanied by spectral changes in the visible, infrared, and ultraviolet regions of the 
spectrum and by modifications of the magnetochemical features. This section will 
discuss in more detail which transitions these features stem from and how they relate 
to the structural changes due to ligand binding. 
 
2.3.1 Soret Band 
 
The main electronic transitions are related to the π electron system of the porphyrin 
ring, the d-orbitals of the iron atom and the nearby proximal Histidine. They comprise 
the intense band around 400 nm named the Soret band and the lowest-energy visible 
band around 550 nm. 
The spectrum of Mb in the Soret region consists of a single band, which is attributed 
to a porphyrin π→π* electronic transition. Based on the Gouterman’s theory of the 
origin of absorption bands in a porphyrin system, HOMOs (Highest Occupied 
Molecular Orbitals) are formed by two nearly degenerate a1u and a2u orbitals and the 
LUMOs (Lowest Unoccupied Molecular Orbitals) are formed by a set of eg orbitals 
(Figure 2.5A). Transitions between these orbitals lead to two excited states of 1Eu 
character. The Soret band arises from excitation from the two orbitals a1u(π) and a2u(π) 
to the higher energy Eu orbitals of the porphyrin ring (Figure 2.5B). 22,23  
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Figure 2.5. (A) Gouterman’s model; a1u and a2u orbitals (HOMOs) and the two eg 
orbitals (LUMOs), (B) Energy levels and electronic transitions of Soret band and Q-
band in porphyrins. 22 
 
2.3.2 Q- Band 
 
There is another porphyrin π→π* electronic transition at the lower energy side of the 
two bands usually denoted by [Q(0,0) and Q(1,0)]. In a symmetric molecule, the first 
excited state, S1, is a degenerate state comprising Qx and Qy components. At lower 
symmetry, the above-mentioned bands are further split into two bands each. The X 
and Y components are no longer degenerate and therefore we see four bands in the 
Q band region, which are denoted by Qx(0,0), Qy(0,0), Qx(1,0) and Qy(1,0) (Figure 
2.2B). 23 These four bands in the visible regions of the spectrum are allowed by D2 
symmetry. In case of a metalloporphyrin, the symmetry changes from D2 to D4h 
because the two of the inner pyrrole hydrogens are replaced by metal-nitrogen bonds. 
Thus, the coplanar metalloporphyrins have a higher symmetry. 24,25 The lack of two 
hydrogens reduces the number of visible bands from four group bands (Figure 2.2B) 
to two group bands, such as in myoglobin (Figure 2.3).  
 
2.3.3 Near Infrared  
 
The NIR (750- 2500 nm) regions of the spectrum of deoxy-Mb exhibits three bands 
that are labeled I, II, and III (Figure 2.6B). Band I is related to a charge-transfer from 
the iron to the porphyrin [dxz→eg(π*)], band II corresponds to an iron d→d transition 
(dxz→dz2), and band III corresponds to a porphyrin to iron charge-transfer transition 
(a2u (π) →dyz) (Figure 2.6A, green). Experimentally measuring band III is difficult due 
to its small extinction coefficient (approximately 350 M-1 cm-1) at room temperature 
(Figure 2.6B). 26   
The transitions observed in the MbCO spectrum are classified in three types: 1) metal 
centered (d)→(d) transitions, 2) charge-transfer transitions from porphyrin to iron [(π) 
→(d)] and 3) promotions of an electron from either an iron d or porphin (π) orbital into 
the CO (π*) orbital. 27 The optical spectrum of carboxymyoglobin is very much like that 
of a closed-shell metal porphyrin, which generally only exhibits the porphyrin Soret 
and Q bands (Figure 2.3C). 
MbCO has a much lower extinction coefficient around 700-800 nm, (ℇ < 30 M-1 cm-1 ) 
compared to deoxy-Mb (350 M-1 cm-1) (Figure 2.6B), 28 but there is no evidence for 
NIR bands in either the crystal or solution absorption spectra of MbCO. 29,30 This lack 
of any near-infrared electronic absorption is important for the design of our 
experiments. The magnetic circular dichroism (MCD) technique can detect weak 
transitions which cannot be seen in an absorption spectrum. A near-ultraviolet-visible 
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MCD study of MbCO by Vickery et al. also provides no evidence for additional 
transitions. 20 The single-crystal data shown the absence of iron (d) →porphin (π*) 
transitions since there is no evidence for any z-polarized intensity as would be 
expected for the dyz → eg (π*) transitions. The most plausible assignment for bands I 
and II, then, is that they correspond to iron d → d transitions, as originally suggested 
by Eaton and Charney on the basis of their relatively large CD anisotropy factors. 31  
 

 
 
Figure 2.6. (A) Extended Hückel orbital energies for MbCO (red), and deoxy-Mb 
(green). The arrow indicate the electronic transition related to Band III in deoxy-Mb 
(modified after 20). (B) Comparison of the absorption in NIR region (700-1000 nm) 
between MbCO and deoxy-Mb. Band I, Band II, and Band III have been labeled for 
deoxy-Mb (modified after 21).  
 
2.4 Photodissociation and its mechanism  
 
Photodissociation and binding-rebinding rates provide useful information about 
conformational changes of myoglobin related to ligand migration inside protein pocket. 
Studies on the rebinding reaction rate of myoglobin with ligands have revealed a 
complex ligand-protein interaction after bond breaking, which results in multiple kinetic 
intermediates due to the protein relaxation and movements of the ligand within the 
protein. 32–35 
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2.5 Photodissociation of Mb-CO bond 
 
Over decades, many investigations have revealed that the carbon monoxide complex 
of myoglobin (MbCO) is light-sensitive. 36–38 Upon the absorption of a photon, the iron-
carbon monoxide bond breaks (dissociation), and a series of spectroscopic and 
structural changes starts, after which the carbon monoxide spontaneously rebinds at 
room temperature and MbCO is reconstituted (recombination). 39–42 The dissociation 
and recombination reactions of Mb*CO have been investigated with various 
spectroscopic techniques at various temperatures and in a number of solvents. 43–51 
After photodissociation, the CO ligand is still located close to the heme (primary 
docking site) in the initial intermediate noted Mb:CO. From there, CO can either rebind 
again to the heme by crossing the inner barrier (geminate rebinding) or escape. In the 
latter case, CO migrates through the protein matrix to a different protein internal cavity, 
one of the so-called xenon cavities (Figure 2.7). 
Figure 2.7A shows four internal cavities in myoglobin named Xe1, Xe2, Xe3, Xe4 that 
bind a xenon atom with high affinity (Figure 2.7A). 52 The extent of ‘geminate’ (internal) 
recombination from these sites depends on the reactivity of the ligand with the heme 
iron and on its ability to diffuse away from the active site to the xenon cavities. 
Based on X-ray crystallography, it is found that CO accumulates in one of the Xe 
binding cavities (Xe1) which is located on the proximal side of the heme (the side in 
which the imidazole side chain of His93 is attached directly to the iron) (Figure 2.7A). 
The Xe1 site is highly occupied by the CO ligand and is the one with the highest affinity. 
The Xe4 pocket is another possible secondary binding site in the back of the distal 
pocket, located in the neighborhood of the primary docking site. According to MD 
simulations native MbCO, CO occupies the Xe4 cavity, which suggests a migration 
route from Xe4 to Xe1. 53,54 
From Xe(4), CO escapes to the solvent  with a lifetime of 400 ns, but the transfer of 
CO to the Xe(1) trapping site occurs much faster. Thus, CO is trapped in the Xe(1) site 
and, from there, it escapes to the solvent with a lifetime of 700 ns. The docking 
positions of CO in wild type Mb: the primary docking site, Xe(4), and the Xe(1) sites, 
and the escape path of CO to the solvent are shown in Figure 2.7B. 55 
 

 
 

Figure 2.7. (A) Schematic illustration of the internal xenon cavities in MbCO which 
consist of locations Xe1, Xe2, Xe3, Xe4 (modified after 56). (B) Mechanism after Wild-
type MbCO photodissociation at room temperature, which consists the geminate 
rebinding of CO ligand (green ellipsoid ball) with heme, migration to xenon cavities 
(Xe4, and Xe1), and escape to the solvent (modified after ref. 55). 
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As far as the photolytic state is concerned, the most widely accepted hypothesis is 
that dissociation occurs from a metal-to-ligand charge-transfer (MLCT) state. 
Based on the experimental data, the fast heme dissociation step is not just one quick 
step; it is a complicated process which consists of several internal conversion (IC) 
steps along a series of intermediate excited states with gradual structural changes 
until it ends in the ground state of high spin deoxy-Mb (Figure 2.8). 42 
 

 
 

Figure 2.8. An energy level schematic for photodissociation of MbCO at room 
temperature. Illumination of MbCO at 570 nm and excitation from ground state (1S0) 
of MbCO (A) to the excited state (1S1), is followed by photodissociation within 50 fs to 
the first excited intermediate state (1Sx) relaxes, through an IC process to the second 
intermediate excited state (3T1), and finally, through another IC process, the 
photodissociation completes and MbCO relaxes to the deoxy-Mb ground state (5Q0) 
(B) (modified after 42). 
 
This overall process encompasses three main sequential steps (Figure 2.8): 57 
1S1→1MLCT→3MLCT→5MLCT:  
1). 1S1 → 1Sx (1MLCT): singlet lowest excited state to singlet metal-ligand CT state; 
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2). 1Sx (1MLCT) → 3T1 (3MLCT): spin crossover (ISC) from singlet metal-ligand CT state 
to triplet metal CT state; 
 
3). 3T1 (3MLCT) → 5Q0 (5MLCT): spin crossover (ISC) from triplet metal-ligand CT state 
to quintet metal- ligand CT state; 
 
The first relaxation step is a transition from the 1S1 state of Mb*CO to a 1Sx state of 
Mb….CO (1MLCT). This leads to a complete decay of the 1S1 population after ~100 fs 
and the dissociation takes 26 fs (Figure 2.7A). Franzen et al. were the first to rule out 
the involvement of a high spin state in the transition from the Q state to a 1MLCT state 
and they assigned a mechanism for the photolysis which was not considered before: 
the removal of one sigma bonding electron from an iron-CO (dFe- πCO) orbital reduces 
the back-bonding of the CO ligand to the iron (dFe- π*CO). 57 The similarities of the 
excited states lifetimes and absorption maxima in the spectra of both ligated and 
unligated forms indicate that the first fast step already results in the dissociation of the 
ligand. Based on the proposed photophysical pathway, iron-to-ring charge-transfer is 
the key event in the mechanism of photolysis of diatomic ligands following a porphyrin 
ring π→π* transition. 
The second step includes a change in the spin state of the Mb from a singlet (1Sx) to 
a triplet (3T1, 3MLCT) on a time scale of around 76 fs. This is followed by the third step 
in which the system relaxes to the deoxy-Mb with high-spin quintet state (5Q0, 5MLCT) 
on a time scale of around 429 fs (Figure 2.7). 
Basically, in MbCO, the iron atom is located within the plane of the porphyrin ring in a 
low spin state whereas, in deoxy-Mb, iron is about 0.3 Å out of the plane in a high-spin 
state. Experimental evolution of the Fe–C(O) distance and data obtained from the Fe 
out-of-plane distance also show that the iron goes out of the plane of the porphyrin 
ring almost instantly upon photodissociation and oscillates with a large amplitude with 
a 40 fs period. Therefore, this measured iron motion is probably due to crossover spin 
state where the iron switches from the low-spin configuration in the ligated species to 
of the unligated form. 57 Figure 2.9 shows the Fe out-of-plane upon photodissocation 
of MbCO and as it can be seen, the Fe–CO distance oscillates between the equilibrium 
distance (1.7–1.8 Å) (undissociated Mb-CO) and 2.5 Å (dissociated Mb-CO) (). The 
amplitude of the oscillation is initially 0.9 Å and reaches a value of 2.2 Å where CO is 
dissociated. Followed by initial oscillation, the wave packet is in the MLCT bands 
where, due to repulsive interactions, CO does not recombine to heme and continues 
oscillations. Relaxation of the structure restrains these oscillations to reach the 
equilibrium value of 2.2 Å. 57 
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Figure 2.9.  Evolution of the Fe–C(O) distance (magenta, left axis) and of the Fe out-
of-plane distance (black, right axis) upon photodissocation of MbCO. The amplitude 
of the oscillation is initially 0.9 Å. The Fe distance (Fe–C(O)) stabilizes at a value of 
2.2 Å. At this distance, the CO is essentially photodissociated. The measured 
equilibrium distance of Fe–C(O) is between (1.7–1.8 Å) and 2.5 Å and the standard 
deviation of these geometric values is indicated by the shaded area. The Fourier 
transform of the Fe–C(O) oscillations is illustrated in the insert (in cm−1). 57 
 
Photodissociation of MbCO through excitation to the lowest excited state of the heme 
(1S1 of Mb*CO, Figure 2.7) is forced by a iron to porphyrin charge-transfer with a  
quantum yield of essentially 1. MCD studies have shown the lack of any near-infrared 
electronic absorption for MbCO. Also, the single-crystal data confirm the absence of a 
iron (d) —porphyrin (π*) transition since there is no evidence for any z-polarized 
intensity as would be expected for a dxz, dyz → (egπ*) transition. In the absorption 
spectrum of MbCO, there is a very-low-intensity absorption between 700-800 nm 
(ℇ<30 M-1 cm-1), which is not due to the metal to protein charge-transfer and may 
derive from a metal-centered iron (d) →(d) transition. Therefore, excitation of MbCO 
in the NIR is unlikely to facilitate photodissociation of MbCO. 20,27–29 
Many authors have studied the kinetics of rebinding after photodissociation and found 
that the rebinding parameters significantly change with temperature, solvent 
composition, viscosity, and the myoglobin mutant. 43–51,58–64 
Despite much work, 65–68 the ligand migration pathway and protein dynamics are still 
mysterious and not yet completely known. Frauenfelder has suggested that ligand 
binding is governed by successive barriers depending differently on temperature, and 
solvent. 69–72 Information regarding the barriers and the energy of the intermediates is 
very important to reach a coherent description of the dynamics of ligand binding to Mb, 
but our knowledge in this area is very limited. 
Regarding the MbCO photodissociation at low temperature, several kinetic 
intermediates have been shown during geminate rebinding and recombination of the 
escaped ligand with the protein. However, at ambient temperature kinetics studies of 
MbCO photodissociation in water revealed no features of the multiple intermediate 
states except for geminate recombination kinetics. 73–77 
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2.6 Photodissociation and CO rebinding at room temperature 
 
In solution at physiological temperatures, a protein undergoes some conformational 
fluctuations that grow in related amplitude with temperature. In the case of MbCO, 
temperature enhancement facilitates ligand escape to the solution. 78 
Photodissociation in solution has been intensively investigated by measurements of 
the geminate recombination kinetics (fast pathway) or bimolecular recombination 
kinetics (slow pathway) at different temperatures, viscosities, pHs, and with various 
mutants. 43–51,58–64 Although it has been well-recognized that there are several 
intermediate states separated by activation barriers along the escape pathway, the 
CO escape process in solution at physiological temperatures has been less clear 
because it is spectroscopically almost silent. 78 
Advances in spectroscopic methods such as femtosecond and nanosecond time-
resolved UV-visible 79,80 and IR spectroscopy 81–83 have made it possible to study the 
re-binding process of the photolyzed MbCO and to resolve ligand escape from the 
protein in real time. Based on IR spectroscopy, it was concluded that upon 
photodissociation of MbCO, CO becomes trapped in a docking site in the vicinity of 
the heme iron within a distance of a few Angströms. 45 The docking site forces CO to 
orient approximately parallel to the plane of the heme, which is almost perpendicular 
to the bound CO. This orientation and interaction in the docking site have the effect of 
dramatically slowing the rate of CO rebinding. The Mb docking site therefore facilitates 
efficient expulsion of CO from the protein with less than 2% geminate rebinding at       
32 ºC. Similarly, nanosecond transient absorption spectroscopy at room temperature 
shows that, after photolysis of the carbon monoxide complex, about 4% of the 
photodissociated carbon monoxide molecules rebinds to the heme with a relaxation 
time of 180 ns. 45  
It is worth mentioning that these absorption spectroscopic studies only focused on 
structural changes around the heme chromophore and no other part of the pocket in 
the vicinity of the heme. Laser-induced transient grating (TG) and laser-induced 
photoacoustic calorimetric techniques could determine quantitatively the energetics 
and structural volume changes of the protein after photodissociation of MbCO and 
provide more detailed information about the protein dynamics during photodissociation 
. 84 Based on the transient grating (TG) experiments for sperm whale MbCO, the rate 
of ligand escape to the solvent was measured to be 700 ns at 20 °C.  This fact that 
ligand escape is slower than the apparent geminate recombination (180 ns) clearly 
indicates that there is a ligand trapping site inside the protein (Figure 2.7). It should be 
noted that for horse heart MbCO a faster kinetics (79 ns at 20 °C) besides the 700-ns 
dynamics were obtained and this component might represent the CO transport 
process inside the protein. 84 
The photodissociation reaction scheme is shown in Figure 2.10.  
In the first step, MbCO is photoexcited to the electronic excited state, where the ligand 
photodissociates from the heme within 2 ps; in this step, CO is trapped in the heme 
pocket in close proximity to the heme (Mb:CO) as the first intermediate species which 
can recombine and re-establish the initial Fe-CO bond. The explanation for the initial 
structural and enthalpy changes (t <10 ns) could be the initial movement of the 
proximal His and the motion of the heme. The energy of the first intermediate species 
(∆Hf = 61 kJ/mol) demonstrated in Figure 2.10, is smaller than the Fe-CO bond 
enthalpy (105 kJ/mol). This difference indicates that the protein structure is relaxed 
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and stabilized after the CO dissociation within 10 ns, which is consistent with a 
negative volume change in the initial step (∆Vf = -5 ml/mol). 
Then, with a lifetime of 180 ns, CO goes to another trapped site where it is far enough 
from the heme (Mb::CO) so that it cannot recombine again. The 180 ns step is 
probably related to the diffusion of the CO out of the heme pocket which is 
accompanied by a change in the electronic state of the heme. The transfer of the CO 
to another site in the protein matrix does not change the protein structure significantly 
and could involve only a small change in enthalpy and volume and the TG signal is 
not sensitive enough to detect these changes. The third step is the diffusion of CO out 
of the protein into the solvent by a monoexponential process with a characteristic time 
of 700 ns at room temperature.  
 

 
 

Figure 2.10. Photodissociation reaction scheme of CO from MbCO at room tempera-
ture. After photoexcitation to the electronic excited state of MbCO, the ligand photo-
dissociates from the heme within 2 ps; the ligand is thereby trapped in the heme 
pocket, and from there the CO can recombine to the heme again. On a time scale of 
180 ns, the CO moves to another trapped site from which it cannot recombine to the 
heme. The ligand escapes from the protein to the solvent in 700 ns at room tempera-
ture. The kinetics can be expressed by a single-exponential function (modified after 
84). 
 
As demonstrated in Figure 2.10, after the initial volume contraction associated with 
MbCO to Mb::CO, an expansion of volume (∆Vf = 14.7 mL/mol at 20 °C) and 
exothermic enthalpy changes (from ∆H† = 41.3 kJ/mol to ∆Hs = 46 kJ/mol ) have been 
observed in the 700 ns step. This large effect could be explained in terms of the CO 
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escaping from the myoglobin into the solvent. It should be noted that this 700 ns 
process has not been detected by IR absorption and Raman scattering because the 
heme is not affected by this step.  
 
 
2.7 Photodissociation at low temperature 
 
At low temperatures, after a photoflash, the same ligand previously bound to the heme 
may recombine again with that heme. In contrast to the familiar exponential kinetics of 
elementary unimolecular reactions, below 180 K rebinding occurs nonexponentially in 
a 75% glycerol/water solvent. 85 It is assumed that in frozen samples (low temperature) 
each Mb molecule has a determined conformational state whereas, in a liquid sample 
(high temperature), the conformational state of each Mb molecule can change rapidly 
from one state to another. If, at low temperatures, the rate of transition between such 
conformations is slow, contrary to high temperature, each molecule will not be able to 
average the activation barrier over all conformations, resulting in a distribution of 
barrier heights instead of a sharp activation energy. 73–77,85 
 
2.7.1 Model for photodissociation at low temperature 
 
Hans Frauenfelder was born on June 28, 1922,86-87 whose 100th birthday is the 
occasion of this thesis, was the first who explained the structural heterogeneity of 
proteins using the energy landscapes. 87 An energy landscape is a map of possible 
atomic motions in a molecule and their related Gibbs free energy. The hypersurface 
of energy landscape constitutes some valleys and the free-energy minimum is related 
to the initial and final state of a reaction named a ‘’state’’, whereas the saddle point 
between two minima named ‘’transition state’’. Each state contains a huge number of 
conformational substates that hierarchally ordered into different tiers of energy (Figure 
2.11).  
Frauenfelder and coworkers proposed a hierarchical arrangement of conformational 
substates based on the photodissociation experiments on MbCO. MbCO has the 
conformational energy (Ec) with the unique energy valley (Figure 2.11A), which has a 
few taxonomic substates, exist on the highest level, denoted Tier 0 (Figure 2.11B). 
These substates present the energy minima separated by high free-energy barriers 
and they are characterized based on their structural, spectroscopic and energetic 
properties. For example, there are at least three substate of A0, A1, and A3 (Tier 0), 
after photodissociation of MbCO at low temperature (T< k). They have the same 
primary amino acid sequence but differ, at least, in the geometry of the bound CO as 
shown in Figure 2.11 B at right. It should be noted that each substrate binds to CO 
with different rates for example, A3 shows the slowest CO binding rate and A0 has the 
fastest rate and all three substates (A0, A1, and A3) rebind nonexponentially in time 
(Figure 2.11, right). The relative energies, entropies, and volumes for each of these 
substates are known and characterized. Each taxonomic substate harbors a large 
number of statistical substates of lower tiers such as tier 1, tier 2, teir 3,… that are 
separated by smaller energy barriers (Figure 2.11C). The energy landscape is 
changed by environmental conditions of the protein such as solvent properties, ligand 
binding which make it possible for protein to perform its functions. 88 
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Figure 2.11 Structure and conformational energy landscape of MbCO. The energy 
landscape is arranged hierarchically, with conformations nested in several tiers, 
according to the barriers separating the states. (A) The 3D structure of MbCO and an 
overall picture of the conformational energy Ec with the unique energy valley (B) (left) 
Three substates of Tier 0 : A0, A1, and A3. (B) (right, at top) These three are due to the 
different orientation of the bound CO with respect to the heme, which make the 
different stretch band (Fe-CO). (B) (right, at down) Rebinding of CO to Mb after 
photodissociation, for the substates of tier 0 at pH 5.7, N(t) is the fraction of protein 
that have not rebound a CO at the time t after photodissociation. All three substates 
(A0, A1, and A3) rebind nonexponentially in time. (C) Tier 1 is vastly oversimplified. In 
reality, the potential energy Ec of the protein as a function of conformational coordinate 
is a hypersurface in a conformational space of very high dimensions and the number 
of valleys is extremely large. Valleys and barriers can no longer be characterized 
individually but must be described by distributions. [Modified after 88,89]  
 
At low temperature, the protein is frozen and the CO cannot escape the protein. As 
the protein begin to relax (at T> 180 K), the CO can move through the different protein 
internal cavity.  At low temperature, in photodissociation a ligand molecule bound to 
the iron atom undergoes a series of steps to move finally to the outside of protein by 
thermally overcoming all barriers. Based on research by Frauenfelder, 90 a model 
consisting of four steps has been proposed for low-temperature photodissociation of 
MbCO.  
In 1991, Steinbach and coworkers defined a dynamic three-well model. This model 
consists of three states: The bound state (A), the pocket state (B), and the solvent 
state (S) (Figure 2.12). When a photon breaks the Fe-CO bond, the system moves 
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from A state (Fe-CO bond) to the state B. From there, the CO can either rebind directly 
(process I, B⟶A) or move to the solvent and from there bind (process S, S →B	→A).  
Based on the experimental data of MbCO photodissociation, the process (I) has shown 
a temperature dependence: With increasing temperature it becomes faster up to about 
170 K, but slows down above. 89 

  
Figure 2.12 Reaction energy landscape. The bound state, MbCO, is denoted by "A". 
In "B", the CO is in the heme pocket. The wiggly region demonstartes the protein 
matrix. "S" is the solvent. 89 
 
The binding of the CO ligand to Mb is governed by the two energy barriers (Figure 
2.12). The inner barrier is located at the heme iron. At temperature below 160 K in 
75% glycerol, all of the large protein motions are frozen, therefore, the CO ligand 
cannot escape to the solvent (𝜅"2~ 0). After flash photolysis (T< 160 K), the rebinding 
of the CO to the Mb can be described by a temperature-independent distribution of 
enthalpic barriers g(HBA). The rate coefficient 𝜅2.(𝑇) satisfies an Arrhenius equation 
that is independent of the solvent viscosity. 
Between 160 K and 210 K, the protein is no longer frozen, therefore the structure of 
the low-temperature photoproduct starts to relax into the deoxy-Mb structure. The 
Mb*®Mb relaxation results in the g(H) distribution to shift toward higher enthalpies 
about 10 kJ/mol. The relaxation function Φ∗(𝑡, 𝑇) is nonexponential in time based on 
the following equation: 

Φ	(𝑡, 𝑇) = 	 𝑒(5[7(+)(]!)                                    2.1 
 

where 𝑘(𝑇) is a rate coefficient and the value of the Kohlrausch-Williams-Watts 
exponent 𝛽 is between 0 and 1. Based on the experiments in many systems, 𝛽 is 
essentially temperature independent over a wide range. 
Moreover, the relaxation function Φ∗(𝑡, 𝑇) is non-Arrhenius in temperature (eq. 2.2) 
and essentially independent of the solvent viscosity 

𝜅	(𝑇) = 𝐴	𝑒(5
"
#$)

%
                                      2.2 
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When temperature rises to above 210 K, due to the equilibrium fluctuations, the CO 
ligand escapes into solvent on the time scale of rebinding. The transitions between the 
solvent S and the heme pocket B (S↔B) is formed by the fluctuations in the protein 
matrix. The 𝜅:(𝑇) for these equilibrium fluctuations (EF1) shows a non-Arrhenius 
temperature dependence that depends strongly on the viscosity. At temperatures 
between 210 and 250 K and/or high solvent viscosity, the ligand binding kinetics is 
dominated by the outer barrier (between the solvent S and the heme pocket B). At 
room temperature the barrier HBA is still distributed, but equilibrium fluctuations (EFl) 
result in average rate coefficients (𝜅2.).  
In a flash photolysis experiment on the sperm whale MbCO sample with a pulse laser 
(480 nm), the bond between the CO and the heme iron is broken. Experiments on 
band (III), a charge-transfer band at 760 nm (213000 cm-1) in deoxy-Mb (the 
photolyzed sate of MbCO) which is absent in the bound form (MbCO). The difference 
in the absorption spectra at a selected wavelength, ∆𝑎(𝑡), for the bound and the 
dissociated species monitors the subsequent CO rebinding. The survival probability, 
𝑁(𝑡, 𝑇) ≡ ∆𝑎(𝑡)	/∆𝑎(0), is the fraction of Mb molecules at temperature T that have 
not rebound CO at the time t after the flash photolysis. The CO rebinding data to sperm 
whale myoglobin are shown in Figure 2.13. The faster process seen at all 
temperatures I for "internal"; it is nonexponential in time and independent of CO 
concentration. The slower process that appears above 200 K, denoted by S for 
"solvent", is exponential in time with a rate coefficient proportional to the CO 
concentration in the solvent. 89 

 
Figure 2.13 Rebinding of CO to Mb after flash photolysis. ∆𝑎(𝑡), the absorbance 
change at the time t after photodissociation, measured at 440 nm, is plotted versus 
log t. ∆𝑎(0) = 1.12 OD below 200 K, pH 6.8. Solvent: 75% glycerol/buffer (v/v). CO 
pressure in (c): 1 bar for the high-[CO] curve and 0.05 bar for the solid curves. Note 
that the scale in panel a is expanded by a factor of approximately 100. 89 
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In conclusion, the association coefficient for binding CO from the solvent at 
physiological temperatures to Mb is governed by the barrier at the heme. At low 
temperature, the CO rebinding rate depends on the conformational substate, which 
exhibit rate fluctuations, and make a non-exponential kinetics and heterogeneity of 
protein dynamics. 
 
2.8 Outline      
 
Myoglobin (Mb) has been used over decays as a model system for many experimental 
and theoretical studies particularly for kinetics-structural relationships. The heme, as 
a reaction center, is embedded within the protein and small ligands such as O2, CO, 
or NO can reversibly and covalently bind to the sixth coordination site on the distal 
side, of the heme. The binding and rebinding rate of such small molecules, for example 
CO, to the heme varies with temperature, pH, mutant, etc. and yield a lot of information 
about how structure, dynamics, and reactivity correlate to the environment conditions. 
43–51,58–64 
Low-temperature experiments by Frauenfelder and coworkers in the 1970s 
demonstrated that, at cryogenic temperatures, rebinding of CO to myoglobin's heme 
cofactor after flash photolysis shows a strongly stretched exponential behavior, which 
is not observed at room temperature. 69–72,84,87,90 This behavior has been assigned to 
structural heterogeneity of myoglobin, resulting in different rebinding rates of CO, but 
no direct observation of this effect exists to date. 
In recent years, the single-molecule methods for studying the kinetic behavior of 
individual molecular complexes have been developed in particular to determine 
heterogeneous behaviors in a system. 91-92  Moreover, dynamic heterogeneity, i.e. the 
dynamic switching of a protein between different states during the time of the 
experiment, makes it impossible to investigate an individual molecular dynamics in an 
ensemble measurement because may yield an average value for the experimental 
observables. Therefore, reducing the observed “ensemble” to a single molecule 
immediately solves the above-mentioned problems and make it possible to look 
individually the characteristics of each single molecule. Now, subpopulations can be 
easily resolved and also dynamic switching between different states can be observed. 
Recently, a new effort to take advantage of Förster Resonance Energy Transfer 
(FRET) technology to determine protein interaction and binding-rebinding reaction has 
emerged. In this approach, the donor emission is quenched through a non-fluorescent 
acceptor (protein) that can be used to study protein rebinding kinetics. 93 The method 
using quenched donor emission has more general applications as the acceptor can 
be a different state of myoglobin with different quenching effects for example deoxy-
Mb, in which the CO is unbound to Mb, can act as a quencher and MbCO, where the 
CO is bound to Mb, has no quenching effects, or less. The binding and rebinding of 
diatomic molecules such as NO, and CO to the heme proteins have been studied 
through the change in the absorption of band III. 94 
The rebinding kinetics of CO can be measured precisely through quenching of a 
fluorescent dye attached to the myoglobin protein using FRET. Selection of the proper 
dye, position of labeling on the protein and the labelling method are crucial. For this 
purpose, not only an independent estimation of the FRET efficiency is needed to 
characterize protein re-binding but also the development of quantitative 
methodologies for steady-state and kinetic parameters of protein binding to the ligand 
is crucial. In the beginning of chapter 4, we focus on two different labelling methods, 
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different dye and different labeling sites on myoglobin. In the second part of Chapter 
4, FRET experiments on dye-labelled Met-Mb, Deoxy-Mb and MbCO are reported. 
Chapter 4 describes ensemble FRET experiments of dye labeled -MbCO that 
demonstrate the feasibility of performing single molecule-FRET experiments.  
Blue light breaks the Mb-CO bond with an efficiency of unity, which precludes FRET-
based investigations of Mb-CO, as the bond between heme and CO would break after 
FRET. It means that before the carbonoxy state can be measured it has been already 
converted to the deoxy form. Therefore, the main question to be answered is whether 
the light emitted by the label can break the Mb-CO bond (due to the FRET) and with 
what efficiency it. Chapter 3 is about answering this question and proposing a new 
approach for the possibility of a FRET study of dye-labeled MbCO. 
As discussed in Chapter 2, the myoglobin spectrum can be broadly split into three 
parts: the Soret band (300-500 nm), the Q-bands (500-700 nm) and the NIR bands 
(700-1000 nm). The quantum yield of breaking the Mb-CO bond is unity when it is 
illuminated by light with wavelengths below 600 nm. However, it is still unknown if 
illumination with light with a wavelength longer than 600 nm in particularly in the far 
red range breaks the MbCO bond or not and what its quantum yield would be? 
In chapter 3, we describe experiments to determine the quantum yield of dissociation 
under far red illumination in order to determine if that region can be used for the FRET 
experiments. 
In chapter 3, we propose an approach using the weak bands beyond 700 nm in the 
deoxy-Mb absorption spectrum to quench the fluorescence of a deep red dye. 
Crucially, these bands are absent in the spectrum of MbCO, preventing breakage of 
the CO bond due to resonant energy transfer from the excited dye. As the different 
states of Mb can be readily distinguished by their UV/Vis spectra, this method was 
selected to determine the dissociation quantum yield. To study photodissociation 
kinetics of MbCO, firstly Mb-CO was illuminated by near infra-red LED light. Then, 
following the absorption spectrum over time after each illumination cycle, we measure 
the kinetics of Mb-CO bond breaking. This experiment is repeated for blue light as a 
reference and the kinetics were compared. 
The aim of Chapter 3 and 4 is to show the rebinding of CO to a protein at the single-
molecule level can be done by performing single molecule-FRET experiments. 
The histogram of FRET efficiencies and the corresponding donor-acceptor distances 
extracted from single-pair FRET data make it possible to follow the structural dynamics 
of biomolecules over time, and to distinguish the different surrounding environments 
of single molecules. However, in ensemble experiments, both the spatial and temporal 
heterogeneities are averaged out, and most of the information about the complexity of 
the system is lost. Therefore, in chapter 5, we study the FRET quenching in a system 
with a distribution of acceptors (ATTO575Q dye) around the donor (Azaoxa-
triangulenium, ADOTA dye) dopped in thin polymeric layers at both ensemble and 
single molecule level at room temperature to measure and prove these 
heterogeneities in single molecule level which are averaged out in the ensemble. 
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