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INTRODUCTION 

 

1.1 The Globin superfamily 

 

The discovery of genes coding for globins among bacteria, yeast, protozoa, 

algae, fungi and plants has challenged the traditional view that envisaged these 

proteins as hallmarks of oxygen transport and storage in mammals and pushed 

forward novel hypotheses on their biological roles. Although the sequence 

homology within the globin family is low, in some cases less than 20%, all 

globins share a common overall three-dimensional structure conform to α-helices 

rich assembly (globin fold) harbouring a heme prosthetic group. A typical globin 

fold is characterized by two groups of three α-helices assembled in a 3-over-3α-

helical sandwich motif that embed the non covalently bonded heme prosthetic 

group. The three-dimensional structure was described for the first time by the 

Nobel prize Kendrew and his co-workers fifty years ago(1). They solved the 

structure of Whale Myoglobin by X-ray crystallography and observed a 150 

amino acids long motif characterized by 8 helices designated A through H from 

the N to the C terminal. Helices A, B, C and E are on the distal site of the heme 

and helices F, G and H on the proximal site[Fig.1.1]. Although the amino acid 

sequence alignments of globins from various sources reveals a high variability, 

two key residues are conserved among all globins encountered so far: Phe at 

position CD1 and His at position F8(2). PheCD1 is located in the distal heme 
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pocket and HisF8 is responsible of heme iron coordination to the proximal side 

of the heme pocket. Moreover hydrophobic interactions between the tetrapyrrole 

ring and hydrophobic amino acid side chains in the protein pocket, strongly 

stabilize the heme protein conjugate. Heme is a chemically highly reactive group 

that is involved in many biological processes due to its ability to bind oxygen 

reversibly to the ferrous iron atom (Fe
2+

). In the deoxygenated protein, Fe
2+

 

forms four coordination bonds with four nitrogen atoms of the tetrapyrrolic ring 

while the fifth coordination position is occupied by HisF8 (proximal) and the 

sixth one is left free for ligand binding. When the oxygen binds to the sixth 

coordination position of the ferrous iron, the distal histidine interacts with the 

ligand by an hydrogen bond thus providing additional stabilization besides the 

coordination bond [fig.1.2](1). Heme also participates to the binding and 

transport of other gaseous ligands (NO, CO), to the scavenging of free oxidant 

species, to oxido-reduction and oxygen-sensing reactions. This diversity in 

biochemical reactivities reflects the variety of the physico chemical properties of 

the aminoacid side chains that harbor the heme moiety. 
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Figure 1. 1.Three-dimensional structure of Sperm Whale Myoglobin(1). The 3/3 α-

helical fold is highlighted in purple and green color. The heme group is surrounded by 3 

helices on its proximal site (F, G, and H) and 3 helices on its distal site (A, B and E). 

 

Figure 1. 2. Active site structure of Sperm Whale oxymyoglobin. 
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1.2 Globins in vertebrates 

 

A large variety of hemoglobins (Hbs) with different structures and oxygen 

binding properties have been reported among vertebrates. The aminoacid 

sequence by itself is not sufficient to classify the protein as a globin; the large 

heterogeneity in the continuously expanding database, in fact, includes globins 

with differences over 90%(3). Myoglobins (Mb) and hemoglobins (Hb) are 

hemoproteins whose physiological importance is mainly related to their ability to 

bind molecular oxygen. Myoglobins are monomeric heme proteins that serve as 

intracellular storage sites for oxygen; hemoglobins are the iron-containing 

oxygen-transport proteins in the red blood cells of all vertebrates as well as the 

tissues of some invertebrates. Fig. 1.3 displays the three dimensional structure of 

both human Myoglobin (A) and human Hemoglobin (B). In the first a typical 

globin fold, as described for Whale Myoglobin in the previous chapter, is 

highlighted. The second image shows human Hemoglobin tetrameric structure in 

which each subunit has a prosthetic group identical to that described for 

Myoglobin(4). The common peptide subunits are designated α1, β1, α2, β2 and are 

arranged into the most commonly occurring functional hemoglobins. Although 

the secondary and tertiary structure of various hemoglobin subunits are similar, 

reflecting extensive homology in amino acid composition, the latter impart 

marked differences in hemoglobin's oxygen carrying properties.  

  

http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Metalloprotein
http://en.wikipedia.org/wiki/Red_blood_cell
http://en.wikipedia.org/wiki/Vertebrate
http://en.wikipedia.org/wiki/Vertebrate
http://en.wikipedia.org/wiki/Vertebrate
http://en.wikipedia.org/wiki/Vertebrate
http://en.wikipedia.org/wiki/Invertebrate
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Figure 1. 3. Three-dimensional structure of human Myoglobin (A) and human 

Hemoglobin (B). 

 

Actually, comparison of the oxygen binding properties of hMb and hHb 

illustrates the allosteric properties of Hemoglobin that results from its quaternary 

structure and differentiate hemoglobin's oxygen binding properties from that of 

Myoglobin. The curve of oxygen binding to hemoglobin is sigmoidal typical of 

allosteric proteins in which the substrate, in this case oxygen, is a positive 

homotropic effector [Fig. 1.4]. When oxygen binds to the first subunit of 

deoxyhemoglobin it increases the affinity of the remaining subunits for oxygen. 

As additional oxygen is bound to the second and third subunits oxygen binding 

is further favoured, so that, at the oxygen tension in lung alveoli, hemoglobin is 

fully saturated with oxygen. As oxyhemoglobin circulates to deoxygenated 

tissue, oxygen is incrementally unloaded and the affinity of hemoglobin for 

oxygen is reduced. Thus at the lowest oxygen tensions found in very active 

tissues the binding affinity of hemoglobin for oxygen is very low allowing 
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maximal delivery of oxygen to the tissue. In contrast the oxygen binding curve 

for Myoglobin is hyperbolic in character indicating the absence of allosteric 

interactions in this process. The allosteric oxygen binding properties of 

hemoglobin arise directly from the interaction of oxygen with the iron atom of 

the heme prosthetic groups and the resultant effects of these interactions are 

reflected on the quaternary structure of the protein. When oxygen binds to an 

iron atom of deoxyhemoglobin it pulls the iron atom into the plane of the heme. 

Since the iron is also bound to HisF8, this residue is also pulled toward the plane 

of the heme ring. The conformational change at HisF8 is transmitted throughout 

the peptide backbone resulting in a significant change in tertiary structure of the 

entire subunit.  
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Figure 1. 4. Oxygen saturation curves for myoglobin and hemoglobin. The saturation 

curve for myoglobin (red) shows the typical rapid oxygen concentration-dependent 

saturation of this monomeric oxygen-binding protein. The other two curves show the 

typical sigmoidal saturation curves for cooperative oxygen binding exhibited by fetal 

hemoglobin HbF (blue) and adult hemoglobin HbA (green).  
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Conformational changes at the subunit surface lead to a new set of binding 

interactions between adjacent subunits. The latter changes include disruption of 

salt bridges and formation of new hydrogen bonds and new hydrophobic 

interactions, all of which contribute to the new quaternary structure. The latter 

changes in subunit interaction are transmitted, from the surface, to the heme 

binding pocket of a second deoxy subunit and result in easier access of oxygen to 

the iron atom of the second heme and thus a greater affinity of the hemoglobin 

molecule for a second oxygen molecule. The tertiary configuration of low 

affinity, deoxygenated Hb is known as the taut (T) state. Conversely, the 

quaternary structure of the fully oxygenated high affinity form of hemoglobin 

(HbO2) is known as the relaxed (R) state. In the high O2 environment (high pO2) 

of the lungs there is sufficient O2 to overcome the inhibitory nature of the T state 

but when the oxyhemoglobin reaches the tissues the pO2 is sufficiently low, the 

T state is favored and the O2 is released. Moreover, ligand binding to the heme 

influences the association state between subunits because α1β2 interface, where 

the transition TR happens, is involved in tetramer dissociation to dimers αβ. 

At the contrary, both α1β1 and α2β2 don‟t undergo to significant variations. 

Correlation between bond and association state has been very studied in hHb (5) 

highlighting its ability to dissociate in dimers after ligand-protein bond formation 

or after Fe
2+

 oxidation to Fe
3+

 . 

Further association phenomena in order to obtain tetramer-tetramer complexes 

has been discovered in some birds where hemoglobins have low affinity for 

oxygen, leading to an interestingly super cooperation event. Reptile hemoglobins 

display heterotetrameric α2β2 form, but α1β1,interface is not stable as the 
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mammals one so that oxygenated protein has only αβ dimers or in some cases 

only monomers (6). Amphibians hemoglobins are generally monomeric when 

bind oxygen and can be found as tetramers or polymers when oxygen is released 

(7) (8).  

Although myoglobins and hemoglobins are the most studied globins, other 

recently discovered respiratory proteins of vertebrates are neuroglobins and 

cytoglobins (9). Cytoglobin and neuroglobin are the first examples of hexa-

coordinated globins in which the His residue at the sixth position of the heme 

iron is an endogenous ligand in both the ferric and ferrous forms. Actually, in the 

non-oxygenated form, the iron 6
th

 coordination position is occupied by distal 

histidine. 

Neuroglobin, has been found in peripheral and central nervous system thus 

suggesting to be involved against hypoxic/ischemic-induced cell injury in brain 

that is associated with accumulation of reactive oxygen species (ROS) and/or 

reactive nitrogen species (RNS)(10). On the other hand, Cytoglobin is expressed 

in splanchnic fibroblasts of various organs and details of its function remain 

unknown. Using both transgenic rats and cultured kidney fibroblasts, it was 

demonstrated that gene expressing cytoglobin confers cellular protection via an 

antioxidant mechanism (11). 
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1.3 Globins in plants 

 

Three types of globins have been identified in land plants: symbiotic 

hemoglobins, non-symbiotic hemoglobins, and truncated hemoglobins (12). 

Among them, the most abundant hemoglobins are the symbiontic 

leghemoglobins (Lbs) discovered in leguminous root nodules. These nodules are 

a symbiosis between rhizobial bacteria and the plant to allow fixation (reduction) 

of atmospheric nitrogen(13) into an usable form, eventually appearing in amino 

acids and other building blocks for the cells: NO accumulates during the early 

stages of the rhizobia−legume symbiosis and in mature nodules. Legume nodules 

are an interesting model to study Hb function and regulation as they express the 

three types of plant globins(14). Specifically, Lbs are present at concentrations of 

2–3 mM and maintain a free O2 concentration of 20–40 nM in the cytosol of host 

cells. This range of O2 concentration permits an adequate supply of ATP for N2 

fixation but avoids nitrogenase inactivation. Actually, reduction of nitrogen 

consumes large amounts of energy, and the nodules have an abundant plant-

encoded Leghemoglobin that facilitates the diffusion of oxygen to the respiring 

bacteriods in the root nodule.  

The discovery of a hemoglobin in a non-nodulating relative of Parasponia, 

Trema tomentosa, suggested that hemoglobins are in fact widespread in plants 

and can carry out more generalized roles besides those in nodulation(15). Indeed, 

hemoglobins have now been found in many plants, not only in the dicots just 

mentioned but also in the monocot cereals Hordeum (barley), Triticum (wheat), 

and Zea (corn)(16)(17). 



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS 

11 

 

1.5 Microbial globins 

 

Microbial globins include three subfamilies: coupled globin sensors (CGS), 

flavohemoglobins and truncated hemoglobins. CGS are chimeric globins 

constituted by a globin domain fused with a transducer domain that can be a 

kinase, phosphodiesterase, nucleotide cyclase and chemotax receptors. The GCS 

superfamily is composed of two major subfamilies: the aerotactic and gene 

regulators. Flavohemoglobins, are made of a globin domain fused with a 

ferredoxin reductase-like FAD and NAD-binding modules. [fig. 1.5](18). The 

flavoHb family is formed by a very homogeneous group of proteins that share 

highly conserved active sites in both the heme- and flavin-binding domains. The 

conserved amino acids within the heme domain include the residues lining the 

heme pocket on both the proximal and distal sites, thus indicating that there must 

be a strong region and stereochemical requirement for ligand binding and/or for 

gaseous ligand diffusion. In parallel, also the amino acid residues responsible for 

flavin binding are strictly conserved and conform to the typical architecture of 

flavodoxin-reductase proteins, indicating clearly that the flavin moiety serves as 

an electron-transfer module from the NADH to the heme. The flavoHb from 

E.coli has been the first flavohemoglobin discovered in 1991(19) and many 

studies on it demonstrated that its expression play an important role in nitrosative 

stress pointing out its ability to convert nitrogen oxide to nitrate consuming 

oxygen and NADH(20)(21). The functional annotations of flavoHbs are still 

controversial but at now the overall picture that emerges from more than a 

decade of biochemical and microbiological investigations on flavoHbs indicates 
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that these proteins are key enzymes in maintaining the cell redox homeostasis at 

the aerobic/anaerobic interface when bacterial cells are exposed to 

oxidative/nitrosative stress. 

 

Figure 1. 5. Three-dimensional structure of flavohemoglobin from Escherichia coli 

characterized by a globin domain (blue) fused with ferredoxin reductase like FAD-

domain (green) and NAD-binding domain (pink). 

 

1.6 Truncated hemoglobins 

 

Truncated hemoglobins (trHbs) belong to a family of single domain small 

oxygen-binding Myoglobin-like proteins distributed in eubacteria, 

cyanobacteria, protozoa, and plants forming a distinct group within the 

Hemoglobin Superfamily. They are nearly ubiquitous in the plant kingdom, 

occur in many aggressively pathogenic bacteria, and are held to be of very 

ancient origin. Many trHbs display amino acid sequences 20–40 residues shorter 

than non-vertebrate hemoglobins to which they are scarcely related by sequence 
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similarity. Although their low sequence similarity, trHbs have been distinguished 

into three groups that have in common the secondary structure: a two–over-two 

α-helical sandwich motif. In trHbs the antiparallel helix pairs B/E and G/H are 

the main secondary structure elements arranged in a 2-on-2 α-helical sandwich 

[Fig. 1.6](22). Within the trHb fold, the N-terminal A helix is almost completely 

deleted, and the whole CD-D region is trimmed to about 3 residues, possibly the 

minimum polypeptide stretch to bridge between C and E-helices. Moreover, 

most of the heme proximal F-helix is substituted by a polypeptide segment (pre-

F) in extended conformation, followed by the one-turn F-helix that properly 

supports the HisF8 residue, allowing heme iron coordination (23).Very few 

amino acids are strictly conserved throughout the known trHb sequences but the 

proximal HisF8 is the only invariant residue. A Phe-Tyr pair is strongly 

conserved at the B9-B10 sites, where TyrB10 participates in heme ligand 

stabilization. Site CD1, invariably Phe in non-vertebrate Hbs, hosts Phe, Tyr, or 

His, whereas at least six different residue types occupy the distal E7 position. 

Moreover, the almost invariant Phe-E14, located along the heme distal face, may 

be related to a heme/solvent shielding role together with apolar residues of the 

pre-F segment [fig.1.7]. 

  



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS 

14 

 

 

Figure 1. 6. A structural overlay of C. eugametos trHb (red ribbons) on sperm whale Mb 

(green), the latter taken as the prototype of the (non)-vertebrate globin fold.Reproduced 

from(23). 

 

Figure 1. 7. Phylogenetic tree showing the relationships among trHbs.Reproduced 

from(23) 
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The functional roles of trHbs are virtually unknown and may be various. When 

the green unicellular alga Chlamydomonas eugametos is grown under light/dark 

regimes, nuclear genes are periodically activated in response to the changes in 

light conditions. These genetic responses are dependent upon the activation of 

genes associated with photosynthesis (LI616 and LI637), nonphotosynthetic 

photoreceptors (LI410 and LI818) and the biological clock (LI818). Couture and 

co-workers(24) have demonstrated that the LI410 and LI637 genes are part of a 

small gene family encoding hemoglobins (Hbs). Moreover, investigations of the 

intracellular localization of C. eugametos Hbs by means of immunogold electron 

microscopy indicate that these proteins are predominantly located in the 

chloroplast, particularly in the pyrenoid and the thylakoid region. The soluble 

trHb of the cyanobacterium Nostoc commune is localized on the cytoplasmic 

face of the cell membrane and is expressed only under anaerobic conditions. It is 

a component of a membrane-associated microaerobically induced terminal 

cytochrome oxidase and has been associated to the scavenging of oxygen(25). At 

the same time, the success of Mycobacterium tuberculosis, the causative agent of 

most cases of tuberculosis, depends on its ability to withstand and survive the 

hazardous environment inside macrophages that are created by reactive oxygen 

intermediates (ROI), reactive nitrogen intermediates (RNI), severe hypoxia, low 

pH, and high CO2 levels. So, an effective detoxification system is required for 

the pathogen to persist in vivo. The genome of M. tuberculosis contains glbO 

and glbN genes, encoding truncated hemoglobin O (trHbO) and truncated 

hemoglobin N (trHbN), respectively. Analysis of these gene demonstrated that 

whereas glbN shows an early response to the oxidative and nitrosative stresses 

http://en.wikipedia.org/wiki/Tuberculosis
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tested, glbO gives a lasting response to lower concentrations of both stresses(26). 

Other trHbs are involved in NO-detoxification, in redox reactions, in O2 and NO 

sensing or in metabolic steps of cysteine biosynthesis and in mediated thiol 

redox homeostasis(27). 

 

1.7 Spectroscopic Probes for the study of ligand recognition and 

stabilization in hemoglobins. 

 

The recognition of diatomic ligands in heme proteins is a complex phenomenon, 

its description requires a full understanding of the environment experienced by 

ligands in heme binding pockets. In the last three decades a large number of 

investigations have been carried out by means of spectroscopic methods to 

analyze the physicochemical properties of the active site using iron ligands with 

different chemical properties. Ligand recognition in heme proteins is mediated 

by a network of interactions that contributes to modulate the functional 

properties of the macromolecule around the metal binding site. The environment 

experienced by ligands in heme pockets is thus a reflection of the electrostatic 

fields and hydrogen-bonding interactions exerted by amino acid side chains close 

to the iron-bound molecule. Specific short-range hydrogen-bonding interactions 

with ligand adjacent amino acid side chains as well as longer range interactions 

from internal fields give rise to the amazing diversity in the functional behavior 

of heme based proteins. One of the key objectives of current research in heme 

proteins is to assign the observed functional behaviors to chemical properties of 

the active site. To this end, static and time-resolved spectroscopic methods have 



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS 

17 

 

been employed both with physiological and non-physiological ligands both in 

the ferrous and ferric states. Carbon monoxide is the most widely studied Fe(II) 

ligand due to the high thermodynamic stability of the iron adduct, to the 

photolability of the iron carbon bond and to the abundance of diverse 

spectroscopic marker bands that virtually cover the whole range of visible, near 

and mid infrared radiation. On these basis, both steady-state(28) and time-

resolved spectroscopic(29) studies have been extensively carried out. Carbon 

monoxide is a useful vibrational probe of heme binding sites in proteins, because 

Fe-CO backbonding is modulated by polar interactions with protein residues, 

and by variations in the donor strength of the trans ligand. This modulation is 

sensitively monitored by the C-O and Fe-C stretching frequencies, which are 

readily detectable in infrared and resonance Raman spectra. In this context, CO-

adducts of globins are spectroscopically rich of signals that can be appropriately 

defined as “marker bands” of specific structural configurations and have been 

assigned to equilibrium or transient states of the globin. Moreover the 

photodissociation quantum yield of the CO adduct is equal to 1(30), a feature 

that brings out great advantages over O2 or NO ligands. Analysis of protein CO-

complexes provides many informations about the distal cavity structure of 

hemoproteins. Within the protein matrix, the ν(CO) stretching frequency of both 

heme-bound and free CO are shifted by the internal electric field acting on the 

CO dipole; it diminishes for heme-bound CO by ≈ 200 cm
−1

 from its gas phase 

value of 2143 cm
−1

 and falls in a region of the vibrational spectrum free from 

other molecular vibrations. The reason of these changes is that CO stretching 

frequency for CO bound to the heme iron is a sensitive and anisotropic local 
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detector of changes in the electrostatic field(31). Polar interactions, in particular 

the hydrogen bond between CO and distal cavity residues, modulate the back-

bond donation from iron dπ orbital to CO π
*
 orbital. Actually, the electrostatic 

field generated by polar amino acid residues in the distal pocket affects the 

electronic distribution of the Fe-C=O system and the bond order of CO: when 

CO is near a positively charged group, the Fe+=C=O− tautomer in which the Fe-

CO and C-O bonds have a double bond character and the ligand oxygen has a 

partial negative charge is stabilized. In contrast, when CO is near a negatively 

charged group, the Fe−C≡O+ tautomer is stabilized, in which the Fe-CO bond 

leans toward a single bond character, and the C-O tends toward a triple bond 

character, whereas the ligand oxygen has a partial positive charge. In the first 

case, the following event is the increasing of stretching frequency of Fe-C bond 

and the decreasing of stretching frequency of C=O bond; in the second case an 

inverse event happens(28). C=O stretching frequency is an indicator of 

hemoproteins functional properties: in hemoglobins and myoglobins, in which 

the integrity of ligand is needed, νC=O (1950-1960 cm
-1

) is major than  νC=O in 

peroxidases and cytochromes p450 (1920-1950 cm
-1

) that carry out the 

heterolytic splitting of diatomic distal ligand.  

However, experimental data have been reported that CO-derivative of Sperm 

Whale Myoglobin is characterized by three different stretching frequencies at 

1930 cm
-1

, 1945 cm
-1

 and 1966 cm
-1

 assigned to three different conformers of 

CO-complex A1, A2, A3 trough infrared low temperature photolysis and 

polarized light experiments(32). Figure 1.8 reports a model proposed by Hong 

and coworkers for Myoglobin in which three conformers differs each other for 



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS 

19 

 

different CO dipole moment angulations respect to the normal to heme plane. 

Intensity of each conformer is proportional to its population and its frequency is 

proportional to the energy of the conformer. 

 

Figure 1. 8. Model of CO-derivate of Sperm Whale Myoglobin proposed by Hong. Mb 

can assume three different overall structures. Each substate permits only a small range 

of CO orientations centered around a mean angle between CO dipole and heme normal. 

The shapes of the heme pocket do not correspond to the reality, but are drawn only to 

illustrate the concepts. Reproduced from(32). 

 

Actually, the situation is more complex: rebinding experiments after photolysis 

pointed out many different conformers diverging each other by an angle between 

CO moment dipole and the normal to heme plane. These conformers are named 

“conformational states” due to the fact that interconversion fenomena do not 

happen between 4K and 193K although they are separated by few cm
-1

. In other 

words, a high kinetic energy barrier exists on the interconversion between 
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conformers; this barrier cannot be only due to the orientation of diatomic ligand 

in the protein distal cavity [Fig 1.9].  

 

 

Figure 1. 9. The arrangement of conformational substates in MbCO. The figure shows 

the Gibbs energy of MbCO as a function of a representative conformational coordinate 

cc.Reproduced from(32). 

 

Probably, different protein conformations are at the origin of diverse CO 

stretching frequencies. To obtain more informations about structural features of 

the different conformational states, crystallographic data are not adequate but 

investigation of the IR spectrum can provide  information on the direction of the 

transition moment via polarization measurements. Moore and coworkers studied 

iron-carbonyl geometries in carboxymyoglobin (MbCO) and carboxyhemoglobin 

(HbCO) using picosecond time-resolved infrared spectroscopy(33). Monitoring 

the change in infrared absorbance of the bound CO stretch bands through 
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polarized infrared and visible beams, the authors found an angle of 18 degrees 

for the 1951 cm
−1

band of HbCO against 20 degrees and 35 degrees, respectively, 

for the 1944 cm
−1

and 1933 cm
−1

bands of MbCO. 

In this background another important aspect is that vibrational transitions of free 

CO are sensitive to the chemical environment. Since heme-CO system is 

characterized by an intense and typical absorption spectrum, it is generally a well 

suited model system for investigations of photodissociation initiated relaxation 

processes. Although the photodissociation of the heme-ligand bond is not a 

physiologically relevant event, it can be used to mimic the actual dynamics of 

the protein. In particular, the ultrafast processes triggered by the optical pulses 

are strongly related to the structure of the protein and to the protein-cofactor 

interactions. Photodissociated CO trapped inside the protein matrix displays 

multiple IR bands around 2130 cm
−1 

called B states and arise from different 

locations and/or orientations of CO within the protein. In MbCO complex, 

within picoseconds after photolysis the ligand settles into an initial docking site 

B on top of the heme group, parallel to pyrrole C, where it resides for several 

nanoseconds before either rebinding or escaping to the solvent. It is well 

known(34) that the photodissociated ligand can either recombine rapidly with the 

metal or diffuse out into the solvent through the protein matrix. If the amino 

acids residues constituting the heme pocket confine the ligand near the metal, the 

geminate recombination (this expression refers to the reaction between two 

transient species produced from a common precursor before any separation by 

diffusion has occurred) takes place. If the ligand can easily diffuse away, and 

then comes back to the heme pocket, the bimolecular recombination takes place. 
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In Mb and Hb, CO geminate recombination contributes only for a few percent to 

the total recombination at room temperature and occurs on the microsecond 

timescale and a few tens of percents on the tens of nanoseconds timescale(35) 

respectively. The dissociation of the ligand bound at the heme iron has been 

investigated for MbCO complex by means of femtosecond time-resolved 

infrared spectroscopy by Lim et al.(36) and two trajectories (state B1 and state 

B2) have been identified within few hundreds femtoseconds that lead to CO 

located with opposite orientations. 

Both rotamers are characterized by the CO axis ligand parallel to the heme plane 

but whereas the B1 state  high frequency (2130 cm
−1

) has been assigned to the 

conformer with the O atom pointing back toward the heme iron atom, low 

frequency (2120 cm
−1

) B2 state is establish to have another orientation on the 

basis of the kinetics of the appearance of the ν(CO) bands after photolysis and 

the effect of isotopic substitution on the rate of recombination[Fig. 1.10].  

The two B states are kinetically and spectroscopically distinguishable due to the 

vibrational Stark shift that arises from the electrostatic field surrounding the 

ligand. 

Furthermore, because the electrostatic field is inhomogeneous (non uniform in 

the three-dimensional space) the centre frequency of CO will be positioned 

depending on the orientation. As reported in Fig. 1.9, the energy barrier against 

the conversion from B2 to B1 conformer is about 3-4 KJ/mol, very small if 

compared with the recombination energy of CO ligand to the iron atom (10 

KJ/mol); it means that the conversion consists in a simple rotation of the ligand 

around the centre of C-O bond(37). 
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Figure 1. 10. (Left) Schematic representation of heme-bound states A0, A1,and A3 of 

MbCO. The O and C atoms of the ligand are red and white, respectively. (Right) 

Photoproduct states B1 and B2, with the His64 imidazole farther away from dissociated 

ligand. Reproduced from(37). 

 

The change in absorption strength of the C-O bound to the heme respect to the 

free ligand inside the docking site of Myoglobin observed by Polack and 

coworkers(38) through Vis-pump mid-IR-probe experiments, have pointed out 

the effect of charge displacement from the heme iron to the CO on the absorption 

strength and underlined that the CO vibrational absorption strength is a suitable 

probe related to the ligand dissociation and transfer processes. 

Moreover, substitution of Leu in B10 position of mammalian Mb with a Phe 

residue in the docking site, led to a lifetime reduction of the docked CO to 140 
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ps(39). Other data by dynamic simulation studies have revealed the detailed 

kinetics of CO migration and binding in crystallized and solvated 

Myoglobin(40)(41) pointing out that the CO motion and the protein fluctuations 

were strictly correlated. In other words, ligand do not diffuse randomly but takes 

preferred directions in moving away from the heme iron, ultimately reaching 

secondary well-defined sites(42)(43). The interaction of ligand with amino acidic 

residues located in the distal cavity of globins is responsible of a slow geminate 

recombination process. The distal barrier clearly depends on the enclosed amino 

acids residues and the trajectory of the dissociated ligand brings to collisions that 

vary with the protein motion fluctuations, thus influencing the rebinding kinetics. 

Time-resolved CO rebinding studies on microperoxidases have performed by 

Lim and co-workers(44) to investigate the rebinding process on a system that 

mimics the hemoprotein structure in absence of a distal heme pocket. In this 

way, the photodissociated CO is exposed to the solvent and not to a closed 

docking site, as in Mb. They disappointed the previous idea concerning 

differences about geminate recombination between NO and O2 adducts of Mb 

and MbCO: geminate recombination following photolysis of MbCO in solution 

is minimal and occurs on the few hundred ns time scale; on the other hand, NO 

and O2 undergo significant geminate rebinding, with NO rebinding on the sub-ns 

time scale. It was proposed that these kinetic differences arise from differences 

in the electronic barrier to the binding, with CO having the highest electronic 

barrier and NO having the lowest. 

Actually the differences in the geminate rebinding rates may be due to steric 

constraints imposed on the docked ligands. The docking site permits O2 and NO 
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to access their transition state for rebinding but strongly inhibits such access by 

CO, whose transition state for binding is much more upright compared to O2 and 

NO. The observed rebinding kinetics in microperoxidases is not exponential, 

probably because the solvent cage effect influences the process. In this latter 

paper a model for the CO trapped within the solvent cage surrounding the heme 

has been formulated and a kinetic time constant of k = (110 ps)
−1

has been 

estimated. It emerges that the rate of CO rebinding in this protein is much faster 

than in Mb; this suggests the idea that the presence of a docking site is 

responsible for the slow CO rebinding observed in most heme proteins.  

The geminate heme-CO recombination in heme proteins is quite different. Flash 

photolysis experiments performed on a carboxymethyl cytochrome c have been 

described the kinetics and spectral transitions that accompany the 

recombination(45): the recombination of CO is multiphasic with time constant of 

16 ps, 120 ps and 1ns corresponding to rebinding of CO from three different 

locations within the distal cavity. These data, have pointed out that the CO 

enclosed in the distal heme pocket rebinds to heme efficiently as a consequence 

of a sterically hindered „caged‟ nature of the distal heme pocket from which it is 

difficult for CO to escape. In other words, the protein does not possess a ligand 

exchange pathway due to the fact that in cytochrome c the heme group is 

surrounded by a hydrophobic, structurally rigid pocket in which the interactions 

are weak. This configuration assures the restraint of the reorganization energy of 

the active heme environment, that guarantees the efficient electron transfer 

process, and it is necessary for protein whose role is ligand transfer.  
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The study of the ligand entry/escape dynamics to the active site of hemoglobins 

yields informations useful to clarify their functions: slow geminate 

recombination of ligand to the heme after photolysis is typical of proteins that 

show gaseous ligand exchange role; high geminate recombination belongs to 

proteins where the ligand transfer role is essential. The benefits of these kind of 

studies are applicable to recently discovered truncated hemoglobins in order to 

characterize them.  

In the distal site of their heme pocket, the ensemble of polar residues are in 

contact with the iron-bound ligand coordination shell. Spectroscopic properties 

of CO in different wild-type and mutant adducts have revealed that the oxygen  

atom of the heme-bound CO could be H-bonded to the indole nitrogen of 

tryptophan, the hydroxyl of tyrosine or the amine group of glutamine. This 

common pattern has been defined „ligand inclusive hydrogen bond network‟ and 

may represent a considerable barrier to ligand entrance and escape from/to the 

distal heme pocket.  

In the picture of recently discovered truncated hemoglobins, trHbO, one of two 

trHbs in Mycobacterium tuberculosis, has been shown rate constants for 

combination (<1.0µM
-1

 s
-1

) and dissociation (<0.006 s
-1

) of O2 that are among the 

slowest known(46)(47). Femtosecond spectroscopy experiments, have been 

displayed that upon photoexcitation, ligands rebind with unusual speed and 

efficiency. Only 1% O2 can escape from the heme pocket and less than 1% NO. 

Most remarkably, CO rebinding occurs for 95%, predominantly in 1.2 ns(48) 

showing an unusually high barrier for ligand escaping. This situation is  

ascribable to extremely high reactivity of ligand with the heme combined to the 
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preventing of ligand access to the heme distal pocket by a network of aromatic 

residues, in particular by Trp88(G8). On the basis of dynamics simulations, a 

primary role for the structural water molecule present in the heme pocket has 

been suggested: this water molecules would retain the CO close to the heme iron 

at a distance favorable for ligand-heme bond formation by restricting the 

effective distal pocket volume. Site directed mutagenesis to substitute TrpG8 and 

TyrCD1 with Phe residues in single and double mutants led to the fact that CO 

rebinding is not drastically altered; moreover all the mutants have shown an 

additional decay phase of ≈ 250 ps not present in the wild type protein (τ1= 37 ps 

and τ3=1,2 ns)  indicating that changes in the strong hydrogen bonding network 

at the distal site yields a more flexible heme pocket and a more heterogeneous 

environment for dissociated CO, but not strongly changing its reactivity. These 

evidences induce to think that HbO effectively acts as a cage for ligands once 

they enter in the heme pocket, precluding transport or diffusion of O2 as a major 

function. 

Although CO probe for heme proteins is the most studied marker to investigate 

heme pocket structure and dynamics, a captivating contribution is offered by the 

purpose of fluoride as alternative probe for hemoproteins. Even if it‟s not a 

physiological ligand, fluoride has recently revalued for studying  heme proteins. 

The main advantage offered by fluoride ion probe is its ability to yield only 6-

coordinate high spin (6c-HS) complexes if bond to the heme(49), as highlighted 

by electronic absorption spectra of these complexes in which π→π* transitions 

give rise to the strong Soret band with maxima between 404–406 nm, and the 

weaker Q band at 490 nm. Charge transfer transitions occur between 607 and 
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617 nm [CT1 due to a2u(π)→eg(dπ) transition] and between 450 and 460 nm 

[CT2 due to a′2u(π)→a1g(dz2)]. This latter transition gives rise to a very weak 

band in the electronic absorption spectra.  

The analysis of resonance Raman spectra of fluoride complexes and the study of 

RR frequency of the ν(Fe–F) stretching mode would provide direct evidence for 

H-bonding of the fluoride ligand to distal residues via information on the Fe-

ligand strength.  

Previous studies demonstrated that the specific enhancement of the ν(Fe–F) 

stretching vibrational modes occurs when excitation is within the CT1 

band(49)(50)(51) so, utilizing a tunable dye laser which can excite within the 

CT1 bands (600–640 nm) the ligation properties of the complexes of fluoride 

with Sperm Whale Mb (swMb) and Human Hb were investigated. The ν(Fe–F) 

stretching modes appeared in the region between 380 and 470 cm
−1

. In 

particular, in the case of the fluoride complex of swMb, at neutral pH, both bands 

at 422 and 462 cm
−1

 have been assigned as Fe–F stretching bands. The latter 

band had also been observed upon excitation at 441.6 nm for the fluoride 

complex of Horse Myoglobin (hhMb)(52), and assigned to the Fe–F stretching 

mode on the basis of the 2 cm
−1

 up-shift observed upon 
56

Fe/
54

Fe isotopic 

substitution. In addition, the band at 462 cm
−1

 has been reported to be pH 

sensitive, as its intensity decreased upon acidification with the concomitant 

appearance of a band at 399 cm
−1

. This result was interpreted as an acid–base 

equilibrium with pK=5.5, being due to protonation of the distal His and 

formation of a strong H-bond to the fluoride ligand in swMb. Latest studies 

developed on a series of heme containing peroxidases reported a clear correlation 
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between the absorption maxima of the CT1 band and the H bonding to the bound 

fluoride ion: Smulevich and coworkers  focused their interest on the RR and 

electronic absorption spectra of the fluoride adducts of different peroxidases 

belonging to the three classes of the plant peroxidase superfamily, together with 

some selected mutants in the distal cavity, and compared them with those of 

Mb(53)(54). These different three structural classes have less than 20% sequence 

identity, but they have conserved residues, namely, the distal His and Arg, and 

the proximal His hydrogen-bonded with an Asp residue. From these studies 

resulted that in peroxidases, the Arg is determinant in controlling the ligand 

binding via a strong hydrogen bond between the positively charged guanidinium 

group and the anion. Mutation of Arg to Leu decreases the stability of the 

complex by 900-fold, suggesting that this interaction stabilizes the complex by 4 

kcal/mol. The distal His also contributes to the stability of the fluoride complex, 

presumably by accepting a proton from HF and hydrogen-bonding, through a 

water molecule, to the anion. Mutation of His to Leu decreases the stability of 

the fluoride complex by 30-fold, suggesting that this interaction is much weaker 

than the interaction with the distal Arg. For Mb, the distal His is solely 

responsible for stabilization of the exogenous ligand. They also confirmed that 

the wavelength of the CT1 band is a sensitive probe of axial ligand polarity and 

of its interaction with the distal protein residues.
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STATE OF ART 

 

Data presented in this work concern two truncated hemoglobins isolated from the 

thermostable Actinobacterium Thermobifida fusca and gram-positive bacterium 

Bacillus subtilis respectively. The identification of T. fusca together with the 

crystal structure of its ferric acetate-bound derivative has been recently described 

by Ilari and coworkers(55). As reported in fig. 2.1, its three-dimensional 

structure is characterized by a two-over-two α-helical sandwich motif formed by 

the helices B, E, G and H with F and A helices shorter than in the classical 

globin fold; helices C and D are absent against the presence of an additional phi-

helix between helices E and F. Respect to other truncated hemoglobins, Tf-trHb 

is lacking of internal cavities. For example, both truncated hemoglobins from 

Mycobacterium tuberculosis (Mt-trHbO) and from Bacillus subtilis (Bs-trHb) 

contain internal cavities, although much smaller than those found in group I 

trHbs(56). In Tf-trHb, some of these cavities are filled by substitutions with 

larger residues (e.g.Trp87 and Trp141 replace Leu57 of Bs-trHb and Leu113 of 

Mt-trHbO, respectively), others by conformational differences of conserved or 

similar size residues. 

The distal heme pocket architecture [Fig.2.2] shows that the acetate ion ligand is 

stabilized by interactions with residues Tyr67 (CD1) and Trp119 (G8). The 

carbonyl oxygen of the acetate ion is hydrogen bonded to the OH group of the 

former amino acid and to the indole group of tryptophan (distances = 2.86 and 

2.52 ˚A, respectively).  
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Figure 2. 1. Three-dimensional structure of Tf-trHb. 

 

Figure 2. 2. Close up view of Thermobifida fusca trHb heme pocket. 
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The latter amino acid is rigorously conserved, i.e., in Tf–trHb and in other group 

II hemoglobins from Mycobacterium tuberculosis (Mt-trHbO) and from Bacillus 

subtilis (Bs-trHb). The Trp119 (G8) is essentially parallel to the heme plane. In 

the proximal region the His106(F8) is bonded to the Fe(III) of the heme at a 

short distance (N-Fe = 1.92 Å). 

Droghetti and coworkers, have been studied carbon monoxide complexes of Tf-

trHb(57) and a series of mutants of distal cavity through infrared and Resonance 

Raman spectroscopy: the acid surface variant ASV of Tf-trHb (that differs from 

the Wild Type (WT) protein because both Phe107 and Arg91 are mutated to 

glutamic acid to increase protein solubility, without affecting thermostability or 

ligand binding, was used in a combinatorial mutagenesis of the distal heme 

pocket residues in which one, two, or three of the conserved polar residues 

[Tyr54 (B10), Tyr67 (CD1), andTrp119 (G8)] were substituted with Phe 

[Fig.2.3]. Similar Fe-proximal His stretching frequencies have suggested that 

none of the mutations alters the proximal site of the heme cavity. In fig. 2.4 is 

also reported the crystal structure of the triple mutant of Tf-trHb (YCD1F-

YB10F-WG8F or 3F-Tf-trHb). The arrangement of residues in the distal cavity 

reflects that of the wild type protein, confirming that the same arrangement 

characterizes the entire set of mutants.  
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Figure 2. 3. Set of distal mutants of Tf-trHb. Wild type residues are highlighted in red, 

mutated residues in blue. 
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Figure 2. 4. Close up view of YB10F-YCD1F-WG8F mutant of Thermobifida fusca 

trHb heme pocket. 

 

Figure 2.5 reports the IR and Raman resonance spectra of WT protein and its 

mutants; the existence of two bands allows to think the presence of two 

conformers for the protein. The single mutation WG8F led to a drastic change 

arising in the transfer of absorbance bands to lower frequencies in IR spectra 

(491 cm
-1

 and 497 cm
-1

) and to higher frequencies in RR spectra (1942 cm
-1

 e 

1965 cm
-1

). Also YCD1F mutation produces drastic consequences: RR 

spectrum shows one only band at 505 cm
-1

, similarly to IR spectrum (1943 cm
-1

). 

On the contrary, single mutant YB10F shows a similar spectrum to the WT 

and ASV protein form with a slight shift to higher frequencies. Moreover the 

substitution of distal Tyrosines in YB10F-YCD1F mutant shows only one band 
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in RR spectrum as in IR spectrum: a single stretching frequency has been 

obtained for Fe-C bond (522 cm
-1

) and C-O bond (1931 cm
-1

). The presence of 

two bands in IR and RR spectra for YB10F-WG8F and YCD1F-WG8F mutants, 

demonstrate that they display two conformers. At the same time, YB10F-

YCD1F-WG8F mutant displays only one band in IR and RR spectra, 

respectively at 494 cm
-1

 and 1955 cm
-1

; in this case the hydrogen bonding 

network is completely removed and CO is not stabilized by the formation of H-

bonds. These data led to identify two conformers for CO-derivates of Tf-trHb: 

one with ν(FeC) and ν(CO) at 509 and 1938 cm
−1

 respectively, and form 2 with 

ν(FeC) and ν(CO) at 518 and 1920 cm
−1

 respectively. CO interacts with Trp119 

(G8) as single H-bond donor in form 1, whereas in form 2 is stabilized by two H-

bonds in which both Tyr67 (CD1) and Trp119 (G8) are involved (fig.2.6). 

Truncated hemoglobins have been found also in Bacillus genus including 

Bacillus anthracis, Bacillus cereus, Bacillus halodurans, and Oceanobacillus 

ihyeiensis, as well as in Bacillus subtilis. Bs-Hb belongs to group II truncated 

hemoglobins and shows with them many common features such as >60% 

sequence similarity and the same heme pocket setting. 

In all Bacillus species whose genomes have been sequenced, truncated 

hemoglobins coexist with true-type heme-containing chemotactic oxygen sensors 

and flavohemoglobins while, in B. subtilis, the globin-like sensor domain of the 

HemAT oxygen sensor as well as the flavohemoglobin heme domain share little 

sequence similarity with the trHb. Moreover, alignments reveal that key residues 

within the heme pocket are not conserved, suggesting different functional roles 

for the three proteins(58). 
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Figure 2. 5. RR spectra (left) obtained with 413.1 nm excitation wavelength and IR spectra 

(right) of the carbon monoxide complexes of native and mutated ferrous Tf-trHb variants at pH 

7.0.Reproduced from (57). 
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Figure 2. 6. Two different conformers for Tf-trHb-CO. A) CO interacts with Trp119 

(G8) and Tyr67.  B) CO interacts with Trp119 (G8) as single H-bond donor.Reproduced 

from (57). 

 

As shown in fig. 2.7 the protein is characterized by a two-over-two-α helical 

sandwich motif very similar to the Tf-trHb one. Crystal structure of cyanide-

bound derivative of Bs-trHb resolved by Giangiacomo and coworkers(59), has 

been highlighted a distal heme pocket characterized by the presence of polar 

residues surrounding the bound ligand, namely Tyr25 (B10), Thr45 (E7), and 

Gln49 (E11) (Fig. 2.8). The cyanide ion is almost perpendicular to the heme 

plane and stabilized mostly by the Tyr25 (B10) residue, which is hydrogen-

bonded through the OH group directly to the cyanide nitrogen atom 

(distance=2.54Ǻ). 
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Figure 2. 7. Three-dimensional structure of truncated hemoglobin from B. subtilis. 

 

 

Figure 2. 8. Close up view of Bacillus subtilis trHb heme pocket. 
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The carbon atom is bound to the ferric heme iron at a distance of 1.92Å. It is of 

interest that in Bs-trHb the proximal pocket appears to be directly exposed to 

solvent through a 55-Å
2
 aperture situated in a shallow depression delimited by 

the phenyl ring of Phe79, the carbonyl backbone portion of Arg75(F7), and the 

heme propionates. Trp89 (G8) is buried in the distal pocket and is roughly 

parallel to the heme plane with the indole NE1 atom placed at a distance of 3.4Ǻ 

from the cyanide nitrogen atom. At the external edge of the distal site, a Lys 

residue, Lys48 (E10), forms a salt bridge with the heme propionate D. This salt 

bridge is on the external surface of the protein and may hinder access to the 

distal pocket. Most interestingly, position E10 is occupied by a positively 

charged residue in all three groups of trHbs. The unconstrained histidine 

conformation appears to be a common feature of the trHbs investigated to 

date(60) and the coordination bond formed by His76 (F8) is stronger than in 

other hemoglobins as indicated by the unusually short iron-histidine distance (N-

Fe(III)=1.91 Ǻ). A first characterization of active site of Bacillus subtilis 

truncated hemoglobin has been performed by Feis and co-workers(47) through 

IR and RR spectroscopy. Actually, carbon monoxide is a sensitive probe for 

investigating distal environmental effects on ligand binding of heme proteins and 

in particular, polar interactions since the formation of H-bonds between the 

bound CO and the distal residues increases the extent of back-donation from the 

Fe dπto the CO π* orbitals. As a consequence, the Fe-C bond strengthens while 

the CO bond weakens, thereby increasing the ν (Fe-C) vibrational frequencies 

and decreasing theν(C-O) frequencies. The authors reported for Bs-trHb the 

presence of two Fe-CO stretching bands at 545 and 520 cm
-1

, respectively. 
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Accordingly, two C-O stretching bands at 1924 and 1888 cm
-1

 were observed in 

infrared absorption and resonance Raman measurements. The very low C-O 

stretching frequency at 1888 cm
-1

 (corresponding to the extremely high RR 

stretching frequency at 545 cm
-1

) indicates unusually strong hydrogen bonding 

between CO and distal residues. On the basis of a comparison with other 

truncated hemoglobins it is envisaged that the two CO conformers are 

determined by specific interactions with the TrpG8 and TyrB10 residues. 

Mutation of TrpG8 to Leu has deeply altered the hydrogen bonding network 

giving rise mainly to a CO conformer characterized by a Fe-CO stretching band 

at 489 cm
-1

 and a CO stretching band at 1958 cm
-1

.  

As well as the study of hydrogen bonding network, truncated hemoglobins from 

Bacillus subtilis (Bs-trHb) and Thermobifida fusca (Tf-trHb) has been recently 

investigated to evaluate the recombination dynamics.  

Feis and coworkers have also developed picosecond laser photolysis experiments 

on the CO bound adduct revealing a geminate recombination with a time 

constant of 770 ps indicating that even in this case the ligand is confined within 

the distal pocket with a remote possibility to escape to the solvent or to the 

adjacent small cavity located at the top of distal pocket. These data induce to 

think that as Mt-trHbO, Bs-trHb is not designed to perform gaseous ligand 

exchange but probably to perform redox processes involving oxygen or 

hydrogen peroxide.  

Similar experiments to investigate the recombination dynamics are conducted on 

Tf-trHb by Marcelli and coworkers(61) through a combination of techniques 

such as femtosecond transient absorption, nanosecond laser flash photolysis and 
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optoacustic spectroscopy, assisted by molecular dynamics simulations. They 

have shown that photolysis of bound CO is followed by a rapid geminate 

recombination with a time constant of ≈ 2 ns, representing almost the 60% of the 

global reaction, and a second recombination around 100 ns. Accordingly to Bs-

trHb and Mt-trHbO, in Tf-trHb the barrier for CO escaping is high.  

In this background the present work is introduced. The aim of it is the better 

characterization of truncated hemoglobins from Bs-trHb and Tf-trHb. In order to 

complete the study to establish the role of distal residues on the stabilization of 

ligand in Tf-trHb, we propose to reconsider the opportunities yielded by 

spectroscopic studies on the fluoride complexes of heme proteins. Actually, 

fluoride coordinates to Fe(III) heme with the formation of 6-coordinate (6c) HS 

complexes and their electronic absorption spectra display an interesting feature 

in the 600–620 nm range, where a weak band due to a charge transfer transition 

(CT1) appears. Since a  correlation between the absorption maxima of the CT1 

and the H-bonding to the bound anion has been found in a series of mutated 

heme containing peroxidases(53), thus indicating that fluoride is a sensitive 

probe of the distal environment in peroxidases, in the present work we would 

investigate the fluoride binding mode to Tf-trHb and a set of distal mutants in 

which TyrB10, TyrCD1 and TrpG8 are substituted with Phe in single, double 

and triple mutations, by combining UV-VIS electronic absorption with RR 

spectroscopy. This choice derived from the fact that RR spectroscopy has been 

demonstrated to be a very powerful tool for investigate the interaction between 

exogenous ligands and heme iron due to the selectively enhancing of the metal 
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ligand stretching modes by tuning the laser frequency within the Soret or charge 

transfer transition bands(62)(63). 

Moreover, in the second part of this work, attention will be given to the study of 

CO-recombination dynamics in Tf-trHb (and its triple mutant3F-Tf -trHb) and in 

Bs-trHb by UV-Vis-Pump Mid-IR-probe spectroscopy in order to obtain 

additional informations about ligand dynamics within the protein structure 

matrix.
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MATERIALS AND METHODS 

 

3.1 Cloning, Expression, and Purification of Recombinant B. 

subtilis trHb 

 

The gene YjbI codifying for the truncated hemoglobin of B. subtilis has been 

amplified from B. subtilis genomic DNA through polymerase chain reaction 

(PCR) choosing the primers 5‟-GGA GTA GTC ACC ATG GGA CAA TC-

3‟(forward) and 5‟-TCA GGA CAT AAA GGA TCC ACA AAC-3‟ (reverse). 

The DNA fragment was purified with the Qiagen GmbH (Hilden, Germany) kit, 

digested with restriction enzymes BamHI and NcoI (MBI Fermentas, Vilnius, 

Lithuania), and inserted into a pET28b(+) plasmid (Novagen, Darmstadt, 

Germany). The plasmid has been transformed in Escherichia coli BL21 (DE3) 

supercompetent cells (Agilent Technology, USA) and the colonies with the 

correct DNA insert has been selected through PCR screening(59). Transformed 

E. coli cells were grown in a Luria-Bertani broth in presence of 1mM 

kanamycin. When the optical density amounted to a value of 0,6 gene expression 

has been induced with 1mM isopropyl-β-D-thiogalactopyranoside and the 

culture has been left to grow for sixteen hours. Then it has been centrifuged and 

pellets have been resuspended in a minimum volume of lysis buffer (20mM 

sodium phosphate buffer pH 7.0) and sonicated with the addition of proteases 

inhibitors cocktails (Roche) until the supernatant was reddish and clear. After 
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centrifugation at 12000 rpm for 20 minutes, the supernatant has been loaded on a 

DEAE-cellulose column (Whatman International Ltd., Maidstone, UK) 

equilibrated with 20 mM sodium phosphate buffer, pH 7.0, and eluted with a 

NaCl step gradient (0–0.2 M). The protein obtained was >98% pure on SDS-

PAGE. 

 

3.2 Cloning, Expression, and Purification of recombinant trHb 

from Thermobifida fusca and its distal mutants. 

 

A synthetic gene coding for T. fusca truncated hemoglobin has been synthesized 

by GENEART (Regensberg, Germany) with optimized E. coli codons. The gene, 

designed with NcoI⁄HindIII restriction sites, has been cloned within puC19 KpnI 

cloning site by GENEART. The insert has been digested with restriction 

enzymes NcoI and HindIII (MBI Fermentas, Vilnius, Lithuania), loaded onto an 

agarose gel and purified with the DNA gel extraction kit (Qiagen, Hilden, 

Germany). The purified fragment has been inserted into a pET28b(+) expression 

vector (Novagen, Darmstadt, Germany) cut with the same restriction enzymes. 

All mutants have been obtained by PCR on plasmid pET28b-Tf-trHb as DNA 

template. Site-directed mutagenesis has been carried out with the Quick Change 

mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer‟s 

instructions, using complementary oligonucleotide pairs introducing the 

aminoacid substitutions.  

A set of single, double, and triple mutants in which the polar distal amino acids 

[Tyr54 (B10), Tyr67 (CD1), and Trp119(G8)] were replaced with Phe residues 
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(fig. 2.3). Seven distal mutants of ASV were studied, namely, TrpG8fPhe 

(hereafter WG8F), TyrCD1fPhe (YCD1F), TyrB10fPhe (YB10F), TyrB10fPhe-

TrpG8f Phe (YB10F-WG8F), TyrCD1fPhe-TrpG8fPhe (YCD1F-WG8F), 

TyrB10fPhe-TyrCD1fPhe (YB10F-YCD1F), and TyrB10fPhe-TyrCD1fPhe-

TrpG8fPhe (YB10F-YCD1F-WG8F hereafter 3F-tr-Hb). The mutants have been 

transformed into E. coli XL1 Blue competent cells, selected on kanamycin plates 

and screened by DNA sequencing. Then, plasmid DNA bearing the gene with 

the desired mutation has been transformed into E. coli BL21 (DE3) 

supercompetent cells (Agilent Technology, USA) for expression and the colonies 

with the correct DNA insert have been selected through PCR screening. The WT 

protein and its mutant have been expressed and purified as follow: transformed 

E. coli cells have been grown in a Luria-Bertani broth until OD=0,6 when the 

gene expression were induced by adding 1mM isopropyl-β-D-

thiogalactopyranoside; after sixteen hours of induction, cells have been 

centrifuged, pellet resuspended in a minimum volume of lysis buffer (20 mM 

sodium phosphate buffer) and sonicated with the addition of proteases inhibitors 

cocktails (Roche) until the supernatant was reddish and clear. After 

centrifugation at 12000 rpm for 20 minutes the supernatant has been discarded 

and the pellet resuspended in a buffer containing 6M urea and 20 mM sodium 

phosphate pH 7 for about 1 hour. After a second centrifugation the supernatant 

has been loaded on a DEAE-cellulose column (Whatman International Ltd., 

Maidstone, UK) equilibrated with 20 mM sodium phosphate buffer pH 7.0, 

washed extensively with the same buffer to eliminate urea and eluted with the 

same buffer upgraded with 0,2 M NaCl.  
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The fraction eluted was dialyzed versus 100 mM phosphate pH 7 and titolated 

with a solution of hemin (Sigma Aldrich) dissolved in 0,2M NaOH; this step has 

been monitored by UV-VIS spectrophotometer until A400-450 nm=2A280nm. Then, 

the protein were dialyzed versus 20 Mm phosphate pH 7 to eliminate the excess 

of free heme, and loaded on a second DEAE-cellulose column (Whatman 

International Ltd., Maidstone, UK) equilibrated with 20 mM sodium phosphate 

buffer, pH 7.0, washed with the same buffer and eluted in a step gradient of 

NaCl (0:0,3M). This procedure yielded >600 mg (per liter of culture) of protein 

with a purity >90% confirmed also in SDS-PAGE with a 17000 Da band. Since 

their stability, the protein and its mutants were lyophilized. 

 

3.3 Electronic absorption spectroscopy 

 

Electronic absorption spectra, measured with a double-beam spectrophotometer 

(Varian Cary 5), have been recorded using a 1 cm cuvette and a 600 nm/min 

scan rate.  

Absorption spectra (using a 5-mm NMR tube) have been measured both prior to 

and after RR measurements, ensuring that no degradation had taken place under 

the experimental conditions used. The fluoride complexes have been prepared by 

adding a 0.5 M buffered solution of NaF to the Fe(III) proteins, giving a final 

concentration of 0.2M. Buffers (0.1M) have been used for experiments at pH 8.5 

(TRIS), 7.0 (phosphate), 5.5 (MES).  

The samples concentration was in the range of 50-100 μM. The fluoride 

complexes of the YB10F-WG8F, YCD1F-WG8F, YB10F-YCD1F, YB10F-
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YCD1F-WG8F Tf-trHb mutants have been obtained after the oxidation of the 

Fe(II) form (present in a mixture with the Fe(III) form) using excess potassium 

ferricyanide followed by gel filtration on a Sephadex G-25 column to remove the 

oxidant. 

3.4 Resonance Raman Spectroscopy 

 

RR spectra have been measured with excitation at 406.7 nm (Kr+ laser, 

Coherent, Innova 300C) and 441.6 nm (He-Cd laser, Kimmon IK4121R-G) 

using a triple spectrometer (consisting of two Acton Research SpectraPro 2300i 

working in the subtractive mode, and a SpectraPro 2500i in the final stage with a 

3600 grooves per millimeter grating), equipped with a liquid-nitrogen cooled 

CCD detector (Roper Scientific Princeton Instruments). RR spectra have been 

calibrated with indene, n-pentane, and carbon tetrachloride as standards to an 

accuracy of 1 cm
-1

 for intense isolated bands. All RR measurements have been 

repeated several times under the same conditions to ensure reproducibility. To 

improve the signal-to-noise ratio, a number of spectra have been accumulated 

and summed only if no spectral differences were noted. To determine peak 

bandwidth and positions, a curve-fitting program (Lab Calc; Galactic) was used 

to simulate the spectra using a mix of (50%) Gaussian and (50%) Lorentzian line 

shapes. 
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3.5 Kinetic measurements 

 

Fluoride binding and release have been carried out by stopped flow 

measurements using an Applied Photophysics apparatus (Leatherhead, UK). 

Fluoride and azide binding kinetics have been measured by mixing Fe(III) WT 

or mutated proteins with increasing concentrations of NaF or NaN3 solutions in 

50 mM phosphate buffer at pH 7.0. A range of 4-8μM protein solutions have 

been used for experiments and the kinetics have been registered at 404 nm for 

fluoride and 414 nm for azide. Fluoride release kinetics has been measured 

according to the ligand displacement methods by mixing fluoride-bound proteins 

with 0.1 M NaN3 solutions in 50 mM phosphate buffer at pH 7.0 and monitoring 

the absorbance decrease at 404 nm. Under these experimental conditions, given 

the higher affinity and faster binding kinetics of N
3-

 with respect to fluoride, the 

observed signal decay reflected uniquely the contribution from the fluoride 

release process. Ligand binding data have been fitted to standard second-order 

equations, and ligand release to monoexponential decays by using the Matlab 

program (South Natick, MA). 

 

3.6Visible-Pump/MidIR-Probe Spectroscopy. 

 

Since many vibrational modes are resolved in prosthetic systems, as heme group, 

and the stretching frequencies and band widths of these IR bands are very 

sensitive of the environmental changes, time-resolved-infrared-spectroscopy 

represents an important technique to study ligand-protein interaction in heme 
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proteins. In this work, the dissociation of CO ligand has been photo induced by a 

pump UV-VIS pulse (400 or 550 laser pulse) and the dynamics of the system  

followed by probing the induced changes of transmission of a sample with 

femtosecond mid-IR pulses. Measurements have been performed probing both 

the absorption region of the ν(CO) stretching vibration of the iron-bound CO 

(1880−1990 cm
−1

 for Tf-trHb and 1825−1975 cm
-1

 for Bs-trHb) and the 

dissociated free CO absorption (2030−2230 cm
−1

). Protein solution for Vis-

pump-Mid-IR-probe measurements were prepared by dissolving the samples in a 

Tris-HCl buffer 0.2 M in D2O (pD=8). In case of Tf-trHb and its triple mutant 

3F-Tf-trHb, 10-13 mM solutions have been prepared by dissolving the 

lyophilized protein preparations in the buffer, while Bs-trHb solutions with a 

concentration of 4 mM have been obtained by microcentrifugation with 

Millipore ultracon filters starting from a liquid preparation. Reduction of 

proteins was accomplished by adding a freshly prepared anaerobic solution of 

sodium dithionite in stoichiometric excess to the protein solution, previously 

degassed with nitrogen. Carbon monoxide (Rivoira), has been gurgled at low 

flux intensity, and the sealed protein solution saturated with 1 atm CO for 15 

minute. In this way CO was homogeneously distributed in spite of the high 

viscosity of the sample. Samples for transient infrared measurements have been 

prepared by squeezing about 40 μl of solution between two calcium fluoride 

windows of 3 mm thickness and separated by a 50 μm teflon spacer for Tf-trHb 

and mutants. In case of Bs-trHb a 100 μm spacer has been used. The OD at the 

excitation wavelength was about 0.8 for all samples. CO dissociation has been 

induced by pumping the systems either with a 400 nm or a 550 nm laser pulses. 
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In the case of UV excitation the pulses energy has been ranged from 200 to 500 

nJ, in the case of Vis excitation the pulses energy used was 200 nJ. The samples 

have been moved with a home-built scanner to refresh the solutions and avoid 

photodegradation. The data have been collected over the two different spectral 

regions, respectively between 1880 and 1975 cm
−1

 and from 2030 to 2230 cm
−1

. 

The signals in every spectral region have been recorded with freshly prepared 

samples and measured at least three times. To obtain a good signal-to-noise ratio 

in the case of the free CO signal, which has a small absorption cross section, a 

number of data sets, corresponding to about 12000 laser shots have been 

collected and averaged. The integrity of the samples has been checked by FT-IR 

(Bruker Alpha-T) and visible absorption (Perkin-Elmer LAMBDA 950) spectra 

collected before and after the time-resolved measurements.  

 

3.7 Anisotropy measurements 

 

In order to determine the equilibrium orientation of carbon monoxide respect to 

the heme plane, time-resolved polarized mid-IR spectroscopy has been 

performed.  Experiments have been repeated by setting the pump pulse 

polarization either to 0 or 90 degrees with respect to the probe pulse, and the 

time dependent anisotropy of the transition was calculated assuming that the 

heme behaves like a circular absorber (the heme possesses a two-fold degenerate 

transition dipole in its plane) when excited at 400 nm(64).
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RESULTS AND DISCUSSION 

 

4.1 Electronic absorption spectra and Resonance Raman spectra 

of fluoride complexes of Tf-trHb and its distal mutants. 

 

In order to exploit the high sensitivity of fluoride complexes to probe H-bonding 

in the distal cavity of Tf-trHb, a set of mutants of this protein have been obtained 

through site directed mutagenesis as described previously. Mutations were 

performed on ASV variant of Tf-trHb and consisted in the substitution of  

TyrB10, TyrCD1 and TrpG8 with Phe in single, double and triple combinations. 

The investigation of electronic absorption spectra and Resonance Raman spectra 

of the fluoride complexes of Tf-trHb and its mutants has been recorded with both 

406.7 and 441.6 nm excitation wavelengths. As shown in fig. 4.1, UV-Vis 

absorption spectra of fluoride complexes of Tf-trHb and its distal mutants 

display typical features of six-coordinate (6c) HS forms, with fluoride 

coordinated as the sixth ligand of the iron ion: Soret bands at 406-403 nm and Q 

bands at 485-491 nm. The RR spectra have been recorded with excitation in 

resonance with the Soret (406.7 nm, black line) and with the CT2 band (441.6 

nm, blue line). 

WT and ASV have displayed almost identical spectra with a CT1 maximum at 

612 nm, the ν(Fe-F) stretch at 381 cm
-1

and have the same proprionyl bending 

mode pick; moreover a second band at 420 cm
-1 

has been highlighted in RR 
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spectra with 441 nm the excitation wavelength. The mutant YB10F doesn‟t show 

substantial differences with the WT protein: CT1 band is upshifted by 1 nm and 

the ν(Fe-F) band at 381 cm
-1

 increased at the expense of the one at 421 cm
-1

. On 

the other hand, spectra of other mutants severely differ in the wavelength of the 

CT1band and in the wavenumber of the ν(Fe-F) stretching mode, indicating a 

different interaction between the bound fluoride and the distal polar residues. 

 

Figure 4. 1. UV-vis (left) and resonance Raman (right) spectra of thefluoride complexes 

of Tf-trHb ad its mutants at pH 7.0(0.1 M phosphate). Left: the region between 440 nm 

and 700 nm hasbeen expanded five-fold. Right: the RR spectra were taken 

withexcitation in resonance with the Soret (406.7 nm, black line) and withthe CT2 band 

(441.6 nm, blue line)  
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The spectra of the YCD1F and WG8F mutants have given rise to spectra which 

are similar to each other but different from those of WT and ASV: CT1 band is 

blue shifted (609 nm), and a single ν(Fe-F) band at 421 cm
-1

has been observed. 

Similar results have been obtained for YB10F-YCD1F (CT1 at 609 nm and ν(Fe-

F) band at 419 cm
-1

) and YB10F-WG8F (CT1 at 610 nm and ν(Fe-F) band at 

415 cm
-1

) mutants. Actually, important differences has been registered for 

YCD1F-WG8F mutant in which both TyrCD1 and TrpG8 has been replaced by 

Phe: the blue-shifted of CT1 band to 605 nm and the moving up of ν(Fe-F) band 

to 432 cm
-1

 suggest the presence of a weak interaction between the TyrB10 and 

the bound fluoride. Finally, the YB10F-YCD1F-WG8F triply mutant has been 

proved to be not fully bound with fluoride being a mixture of two 6cHS forms, 

an aquo 6cHS heme (CT1 at 632 nm) and a 6cHS fluoride complex. This latter 

form has showed a CT1 band at 602 nm and a Raman band at 471 cm
-1

 which, 

being enhanced upon 441.6 nm excitation, is assigned to the ν(Fe-F) stretch. 

Moreover, in absence of TrpG8 and TyrCD1, the increasing stretching frequency 

ν(Fe-F)and the concomitant blue shifting of the CT1 band demonstrate that the 

ν(Fe-F) band at 381 cm
-1

 together with the CT1 at 612 nm correspond to a 

conformer where the bound fluoride is stabilized by H-bond interactions donated 

by both TrpG8 and TyrCD1. The role of TyrB10 is quite different because it 

can‟t interact with fluoride ligand and curiously it promotes a better stabilization 

of ligand when replaced with Phe, as highlighted in YB10F, YB10F-WG8F and 

YB10F-YCD1F. On the other hand, Tyr B10 is able to interact weakly with 

fluoride in absence of TyrCD1 and TrpG8. All these data has been confirmed by 

classical molecular dynamics (MD) simulations of Fe(III) Tf-trHb with 
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coordinated fluoride (data not shown). First of all, MD simulations verify that 

Phe107 and Arg91 mutations, in order to obtain more soluble protein (ASV), do 

not affect the ligand binding properties. Moreover, in both the WT and ASV 

proteins, the coordinated fluoride is stabilized by a H-bond with the indole N 

proton of the TrpG8 and the hydroxylic hydrogen of the TyrCD1. Although MD 

simulations have revealed only one conformer for fluoride derivative, RR spectra 

has shown a second ν(Fe-F) band at 420 cm
-1

 for WT and ASV proteins. It can 

be assigned to a second conformer, whose bound fluoride is stabilized by a 

single strong H-bond. Only this form, in fact, is observed in the mutants where 

either the TrpG8 or TyrCD1 residues have been replaced by Phe. However, 

within the time scale of the simulation, only one conformation has been sampled 

by MD simulations in WT, ASV, and YB10F mutant, exhibiting stable H-bonds 

with both TrpG8 and TyrCD1. The absence of the second conformation detected 

in the RR experiments is probably due to limitations of the classical MD 

approach employed. 

Finally, an interesting result is provided by the hydrophobic triple mutant 

YB10F-YCD1F-WG8F: its spectra have displayed the highest energy CT1 band 

in the Tf-trHb mutant series (i.e, at 603 nm) together with the highest ν(Fe-F) 

stretch at 471 cm
-1

. This behavior can be explained considering that in the triple 

mutant, the heme environment, where fluoride is surrounded by three Phe 

residues, does not appear to be apolar as would be expected. Actually MD 

simulations has clearly indicated that two water molecules interacting with the 

coordinated fluoride ion are accommodated into the active site. 
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4.2 Fluoride Binding and Release Kinetics in Tf-trHb 

 

Fluoride and azide binding kinetics have been measured by mixing Fe(III) WT 

or mutated proteins with increasing concentrations of NaF or NaN3 solutions at 

404 nm for fluoride and 414 nm for azide. Fluoride release kinetics have been 

measured according to the ligand displacement methods by mixing fluoride-

bound proteins NaN3 solutions and monitoring the absorbance decrease at 404 

nm. Under these experimental conditions, given the higher affinity and faster 

binding kinetics of N
3- 

with respect to fluoride (80-fold higher), the observed 

signal decay reflected uniquely the contribution from the fluoride release 

process. In table 4.1 kinetic constants of fluoride binding (Kon) and releasing 

(Koff) in WT protein and distal mutants are reported. Although fluoride binding 

proceeds at rates between 4-8 mM
-1

s
-1

, many differences have been found 

between the WT or ASV proteins and the single distant mutants: fluoride koff 

increases from a value of 1,2-1,7 s
-1

 for not mutated proteins to 242 s
-1

 for the 

triple mutant. In particular the rate of ligand dissociation in stopped-flow kinetic 

measurements progressively increases upon substitution of the H-bonding amino 

acids. The Fe-F stretching frequencies and the MD simulations are consistent 

with the dissociation kinetic rate constants, because the fluoride complexes of 

the mutants with multiple H-bonding interactions have exhibited lower 

dissociation rate constants. In agreement with the spectroscopic results, the 

progressive removal of distal H-bonding contributions to the bound fluoride 

brings about an increase in the observed rate of ligand release. 
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Protein kon (F
-
), mM

-1
 s

-1
 koff (F

-
), s

-1
 

ASV 6,4±0,6 1,2±0,08 

WT 6,5±0,4 1,7±0,07 

YB10F 5,5±0,3 29±0,11 

YCD1F 4,2±0,6 9±0,12 

WG8F 4,5±0,5 30,2±0,26 

YB10F-YCD1F 6,0±0,5 49±0,09 

YB10F-WG8F 5,4±0,3 106±0,35 

YCD1F-WG8F 6,6±0,4 117±1,25 

YB10F-YCD1F-WG8F 7,6±0,4 242±12,75 

 

Table 4. 1. Fluoride Binding and Dissociation Kinetics forTf-trHb and Its Distal Side 

Mutants. All experiments were carried out in 50 mM phosphate buffer at pH 7.0at 25 

°C. Ligand dissociation rates were obtained by fluoride displacementwith 0.1 M sodium 

azide. 

 

In fig. 4.2 is shown the plot of fluoride ion koff versus ν(Fe-F) for WT and 

mutants. Analysis of these data indicate that there is a clear correspondence 

between the Fe-F stretching frequencies and the rates of ligand release. The 

singly, doubly or triply mutated species appear to gather into separate groups 

within the “stretching frequency/kinetic rate” correlation plot. Moreover all 
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mutants lacking of YB10 highlight a consistent increase in the kinetics of ligand 

release with respect to the YB10-containing mutants indicating that this residue, 

though not preeminently involved in fluoride ligand hydrogen bonding, is still 

capable of influencing the ligand release process. 

 

 

 

Figure 4. 2. Correlation between the ν(Fe-F) wavenumbersand the dissociation kinetics 

constant. The dashed linesseparate groupings of triple, double, and single mutants. 

 

Another empirical correlation can be highlighted by plotting ν(Fe-F) 

wavenumber and the CT1 energy [fig. 4.3]. In the plot has been included 

literature data belonging to other hemoglobins to comparison(57)(65)(28)(66). 

The data are fitted well by a straight line with positive slope. The(CT1)/ν(Fe-F) 
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position along the correlation line appears to reflect the extent of distal H-

bonding interactions. Fluoride complexes which are stabilized by multiple, 

strong H-bond interactions, like those of the WT, ASV Tf-trHb, and YB10F 

conformer (ν(Fe-F) at 381 cm
_1

), are located at the extreme left side. In fact, H-

bonding decreases both the ν(Fe-F) stretching frequency and the energy of the 

eg(dπ) orbitals, thereby lowering the energy of the a2u(π)eg(dπ) CT1 transition. 

At the other extreme of the line, fluoride complexes with very weak H-bond 

interactions are found, like that of the YB10F-YCD1F-WG8F mutant. Unlike the 

points for the 381 cm
-1

conformer, those for the second conformer of WT, ASV 

Tf-trHb, and YB10F (ν(Fe-F) at 420-421 cm
-1

) fall off the line. In fact, the 

presence of two conformers should give rise to two CT1 absorption bands. Based 

on the CT1 energy measured for WG8F, YCD1F, and YCD1F-YB10F mutants 

which show only the second conformer, the expected energy difference between 

the two conformers is about 200 cm
-1

.Because the CT1 band is relatively weak 

and broad, in practice we observe a single maximum. Therefore, given the 

impossibility to single out two different CT1 bands for WT, ASV, and 

YB10F,we correlate the two different Raman Fe-F with the same energy value. 

As a consequence for the proteins with multiple conformers, some points are off 

the line. 
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Figure 4. 3. Empirical correlation plot between the ν(Fe-F) wavenumbers and the CT1 

energy. The frequencies of the CT1 are plotted as a function of the frequencies of the 

Fe-F stretching modes for the following proteins: WT, ASV, YB10F, YCD1F, WG8F, 

YB10F-WG8F, YB10F-YCD1F, YCD1FWG8F, YB10F-YCD1F-WG8F, HRPC, DHP, 

hhMb pH 7.0, hhMb pH 5.2. 

 

4.3 Study of CO rebinding in Tf-trHb 

 

The UV-Vis spectrum and the FT-IR spectrum of Tf-trHb-COcomplex are 

reported in fig. 4.4. In the first, a Soret band at 420 nm and two Q bands at 540 

and 570 nm respectively are shown, while in the second, an intense band at 1940 

cm
-1

 and a shoulder at 1920 cm
-1

have confirmed the presence of two conformers 



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS 

 

60 

 

as already demonstrated(57). The lower frequency band, located at 1920 

cm
−1

corresponds to the conformer in which CO is H-bonded to both TrpG8 and 

TyrCD1, while the 1940 cm
−1

 stretching band correspond to CO singly H-

bonded to TrpG8. The high capacity of TrpG8 to stabilize the coordinated CO 

and the flexibility of TyrCD1, combined to the high polarity of the distal pocket 

residues, allowing that the bonding network is responsible of an efficient 

stabilization of the exogenous ligand and also of the dynamics of rebinding 

process. In order to investigate the CO recombination dynamics in Tf-trHb-CO 

complex with UV-Vis pump mid-IR-probe spectroscopy, ligand dissociation has 

been induced either with 400 nm UV or 550 nm Visible pump pulses and the CO 

rebinding has been monitored in both region of the ν(CO) stretching vibration of 

the iron-bound CO (1880-1990 cm
−1

) and the dissociated free CO absorption 

region (2030-2230 cm
−1

). In fig.4.5 time resolved spectra recorded at different 

time delays for CO-derivate of Tf-trHb is reported. The spectrum recorded 

immediately after excitation have displayed the appearance of a bleaching signal 

in the spectral region where the bound CO stretching vibration is expected, 

indicating photolysis of the ligand. A main bleaching band and a small shoulder 

are visible, respectively at 1920 and 1940 cm
−1

, in good correspondence with the 

absorption bands measured in the FT-IR spectrum of the CO adduct for this 

protein. 
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Figure 4. 4: a) UV-Visible spectrum of Tf -trHb-CO complex. b) FT-IR spectrum of Tf -

trHb-CO complex. In both cases, protein solution was prepared by dissolving the 

lyophilized protein in a TRIS-HCl buffer 0.2 M in D2O (pD=8). The concentration of Tf 

-trHb was 10 mM, the cell pathlength 50µm. CO was added after protein reduction with 

sodium dithionite. 
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Figure 4. 5: Time resolved spectra recorded at different time delays, showing the 

bleaching induced by the excitation at 400 nm in the υ(CO) stretching region for the 

coordinated CO. 

 

In order to study the kinetic of recombination of CO in the protein, kinetics 

traces have been recorded at the maxima of bleaching bands; data analyzed and 

fitted are reported in fig. 4.6. Recovery kinetics measured at 1940 cm
-1

 band are 

shown in black scattered points while kinetics measured at 1920 cm
-1

 in red 

points. As clear in the figure, the bleaching band at 1940 cm
-1

 recovers faster 

than the band at 1920 cm
-1

. The analysis of kinetic traces revealed a bi-phasic 

recovery, occurring within sub-nanosecond timescale. An exhaustive analysis of 

the kinetics has revealed that the kinetic traces can be satisfactorily fitted with 

two components, whose time constants are 250 ps and 1.5 ns, respectively. The 

relative weight of the fast component is quite different between  the two bands 
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and in particular the fast one accounts for almost 40% of the recombination 

dynamics at 1940 cm
−1

(fig. 4.7). 

 

Figure 4. 6: Kinetic traces (scattered points) at selected frequencies together with the fit 

(solid line) obtained by global analysis. The trace at 1920 cm
−1

 has been scaled to 

overlap the trace at 1940 cm
−1

 on the long time scale.  

 

Figure 4. 7: EADS (Evolution Associated Difference Spectra) obtained by globally 

analyzing all the kinetic traces recorded in the 1850-1950 cm−1 spectral range after 

excitation at 400 nm. 
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In order to equate this measurement with geminate recombination, it must be 

assumed that geminately recombined CO and CO in unphotolysed subunits have 

the same spectrum as that of equilibrium-ligated CO(67). Actually, through 

anisotropy measurements, the position of CO at equilibrium has been 

established: time-resolved polarized mid-IR spectra of Tf-trHb-CO complex 

recorded where the pump pulses polarization was set either to 0 or 90 degrees 

with respect to the probe pulse, have revealed that the ligand is coordinated to 

heme with an angle next to the normal to the heme plane, minor than 15 degrees. 

These results are in agreement with that found for other globins(68)(64). At the 

same time, CO recombination has been studied also investigating spectroscopic 

changes around 2100-2150 cm
−1

 where free CO signal should have appeared. 

The first attempt performed with 400 nm pump pulse has revealed a significant 

baseline problem, heating, and excess energy dissipation in the system. 

Furthermore, the fact that free CO is characterized by a low cross section and 

that its signal is smoothed by high water absorbance, led to the experiment very 

difficult. To solve these problems, CO photolysis has been triggered by exciting 

the heme in the Q-band absorption region (550-600 nm) instead of the B-band 

region. Measurements have been carried out by setting the excitation pulse at 

550 nm and probing both the ν(CO) stretching region for the coordinated CO and 

the free CO absorption region. The dynamic evolution in the bleaching region 

resulted substantially identical to what previously observed by exciting the 

sample at 400 nm. Instead, significant improvements have been obtained in the 

free CO region. In fig.4.8 time resolved spectra in the free CO region recorded 

with a 550 nm laser pulse is shown. 
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Figure 4. 8: Time resolved spectra in the free CO region recorded at different time 

delays after excitation of the sample with a 550 nm laser pulse. The baseline, which still 

contributes in this region although with a minor extent than in the previous 

measurements with 400 nm excitation, is removed by subtracting a third order 

polynomial fit with the following procedure: the region between 2080 and 2150 cm
−1

, 

where the signal is observed, was removed and a polynomial fit of the remaining signal 

was performed; then, the polynomial line was subtracted to the entire signal achieving 

much cleaner spectra.  

 

The measured CO absorption peak is quite asymmetrical and has a rather large 

bandwidth (FWHM ≈ 30 cm
−1

), which suggests the presence of an 

inhomogeneous distribution of two unresolved bands behind the measured line 

shape. The signal dynamically evolves by slightly shifting to the blue, but no 

substantial line shape variations are observed. Although it has been shown that in 

similar systems a certain percentage (reported values between 3.6 and 13%) of 

the photolysed CO is initially in a vibrationally hot state(36)(38)(68)(69)(70)(71) 
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no vibrational hot band could be resolved in the present case. Since the CO 

anharmonicity has been estimated to be 27-30 cm
−1

(69)(71) hot bands are 

probably not resolved due baseline fluctuation problems. Comparing time 

resolved spectrum of free CO (fig 4.8) with that of bound CO (fig. 4.5) it is easy 

to observe that the ratio between their absorptions is about 50. This result well fit 

with previous findings(67). In fig. 4.9 is shown the comparison between kinetics 

traces measured at the absorption maximum of free CO and that of the 1940 

cm
−1

 bleaching band of bound CO, which has been scaled to match the intensity 

of the free CO signal. 

 

Figure 4. 9: comparison of kinetic traces at 2120 cm
−1

 (black line), corresponding to the 

maximum absorption in the free CO region in Tf –trHb with the trace at 1940 cm
−1

 (red 

line), corresponding to the maximum absorption of the coordinated CO. 

 

The two traces are in agreement except for the short time scale, where the signal 

corresponding to the free CO absorption (2120 cm
−1

) shows an initial rise 

component. An accurate analysis of kinetic traces has revealed that this rise 
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component fits well with a time constant of 30 ps. Moreover, a global fit of the 

kinetic traces collected in the free CO region (2050-2200 cm
−1

) results in two 

additional decay components, with time constants of 300 ps and 1.2 ns, 

respectively. In the case of bleaching band of bound CO the global fit have 

produced two time constants of 250 ps and 1,5 ns. The good agreement between 

the two results confirmed that the process of dynamic evolution of the system 

deduced from these data is the geminate recombination of the photolysed CO. As 

a consequence, the time constant of 30 ps is not ascribable to a geminate 

recombination process. The presence of an initial rise component for free CO 

signal after photolysis was found also in Myoglobin(36) and the authors assigned 

it to protein relaxation processes around the photolysed CO. Also thermal 

relaxation processes was registered for Mb-CO excited at 597 nm(72). 

Interestingly, in these two latter cases, time constants for relaxation process are 

1,6 ps and 6,2 ps, a very small value if compared to the rise component of 30 ps 

found in Tf-trHb. Probably the relaxation process in Tf-trHb may involve a more 

significant mechanism that can include reorientation or rotation of one or more 

amino acids side chains in the CO docking site. The slow relaxation could be due 

to the presence of a water molecule which could rearrange by breaking/forming 

H-bonds with the tyrosine amino acids (TyrB10 and TyrCD1). Actually, 

previous MD simulation analysis on Tf-trHb(57) have reported an interesting 

interaction with the solvent: a water molecule enters the protein active site via a 

gate near E7 helice and remains in intimate contact with TyrB10; this water 

molecule can live the active site and be replaced by another water molecule so 

that only one water molecule remains in the active site. Accordingly, the crystal 
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structure of Tf-trHb displays the connection of Tyr B10 and the heme propionyls 

via H-bonding network involving water molecule: the OH group of TyrB10 is H-

bonded to the water molecule (W15) which, in turn, is H-bonded to another 

water molecule (W64); this latter molecule is H-bonded to heme proprionyl 

which is held into place by a salt-bridge with ArgE10(55). 

 

4.4 Study of CO rebinding in Bs-trHb 

 

The same analysis conducted on Tf-trHb has been realized on Bs-trHb. The UV-

Vis spectrum and the FT-IR spectrum of Bs-trHb-CO complex are reported in 

fig. 4.10. The UV-Vis spectrum with a Soret band at 421 nm and two Q bands at 

545 nm and 569 nm respectively are similar to the Tf-trHb one. Anyway the 

infrared spectrum reflects the presence of two conformers also in this protein 

even if the populations are different ( two clear bands at 1888 and 1925 cm
-1

are 

visible). The 1888 cm
-1

 band corresponds to the conformer in which CO is 

stabilized by hydrogen bond formed with TyrB10 and TrpG8 while, the high 

stretching frequency band (1925 cm
-1

) is relative to the conformer in which only 

TyrB10 stabilizes the CO(47).  

In Bs-trHb as in Tf-trHb, both the absorption regions of the ν(CO) stretching 

vibration of the iron-bound CO (1825-1975 cm
−1

) and of the dissociated free CO 

absorption (2030-2230 cm
−1

) has been monitored. No differences have been 

found in time resolved spectra for bound CO collected by exciting the sample 

both with a 400 nm laser pulse and that at 550 nm. 
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Figure 4. 10: a) UV-Visible spectrum of Bs-trHb-CO complex. b) FT-IR spectrum of 

Bs-trHb-CO complex. In both cases, Protein solution was prepared by 

microcentrifugation with Millipore ultracon filters, the final concentration was 4 mM in 

Tris-HCl buffer 0.2 M in D2O (pD=8), the cell pathlength 100µm. CO was added after 

protein reduction with sodium dithionite. 
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The profile of the CO photodissociation reported in fig. 4.11 showed two 

bleaching bands at 1888 and 1925 cm
-1

 in perfect correlation with the FT-IR 

spectrum bands. 

 

 

Figure 4. 11: Time resolved spectra recorded at different time delays, recorded at 550 

nm,  showing the bleaching induced in Bs-trHb-CO complex in the υ(CO) stretching 

region for the coordinated CO. 

 

The study of kinetic traces reported in fig. 4.12 shows that the two bleaching 

bands recover with the same kinetic, in contrast to what observed for Tf-trHb. 

Both curves well fit with two time constant of 120 ps and 2 ns, respectively. In 

this case the relative weight of the fast component is lower than in Tf-Hb-CO for 

both the bleaching bands: it accounts only for 10% of the recombination 

dynamics implying that the fraction of picosecond geminate recombination is 

smaller than that observed in Tf -trHb. 
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Figure 4. 12: Kinetic traces (scattered points) together with the fit (solid lines)taken at 

the maxima of the two bleaching bands for Bs-trHb-CO complex. The trace at 1925 

cm
−1

 (red dots) overlaps the trace at 1888 cm
−1

 (black dots). 

 

The figure 4.13 shows the time resolved spectra in the free CO region recorded 

with a 550 nm laser pulse. Time resolved spectra in this region is characterized 

by an absorption band at 2130 cm
-1

. The peak shape of the docked CO is not 

completely symmetrical, the FWHM is about 30 cm
−1

and a blue shift on a 10 ps 

time scale, which could be an indication of vibrational cooling, is visible. The 

large bandwidth could be due to the possible presence of two bands hidden under 

the observed lineshape, with a population exchange occurring on this timescale. 

The comparison between kinetic trace recorded at 1925 cm
-1

 for bound CO with 

that recorded at 2130 cm
-1

 for free CO is shown in fig. 4.13. Differently for what 

happens in the case of Tf-trHb, the two traces well fit.  
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Figure 4. 13: Time resolved spectra in the free CO region recorded at different time 

delays after excitation of the sample with  550 nm laser pulse. 

 

Figure 4. 14: comparison of kinetic traces at 2130 cm
−1

 (black line), corresponding to 

the maximum absorption in the free CO region in Bs –trHb with the trace at 1925 cm
−1

 

(red line), corresponding to the maximum absorption of the coordinated CO.  
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4.5 Study of CO rebinding in 3F-Tf-trHb 

 

To complete the study about recombination dynamics in order to understand how 

distal heme pocket structural changes can affect CO recombination dynamics in 

Tf–trHb, time-resolved infrared experiments on the triple mutant protein 3F-Tf –

trHb (YB10F-YCD1F-WG8F) has been performed. As shown in fig. 4.15 the 

UV-Vis spectrum is quite similar to the Tf-trHb while the TF-IR spectrum 

display an only band centered at 1955 cm
-1

. As for Tf-trHb and Bs-trHb, CO 

dissociation has been triggered by a 550 nm pump pulse and CO rebinding 

monitored in two mid-IR regions: the region of the ν(CO) stretching vibration of 

the iron-bound CO (1880-1980 cm
−1

) and the dissociated free CO absorption 

region (2030-2230 cm
−1

). Time resolved spectra of 3F-Tf–trHb obtained is 

shown in fig. 4.16. It should be noticed that a single bleaching band centered at 

1955 cm
-1 

is observed, in perfect agreement with the maximum absorption band 

in the TF-IR spectrum. The FWHM average value for the free CO absorption 

bands in this case is about 15 cm
−1

, a value about the half of the observed value 

for the WT protein, attributed to the significant changes in the polarity of 

molecular environment by the triple Phe mutation. 
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Figure 4. 15. a) UV-Visible spectrum of 3F- Tf -trHb-CO complex. b) FT-IR spectrum 

of Tf -trHb-CO complex. In both cases, protein solution was prepared by dissolving the 

lyophilized protein in a TRIS-HCl buffer 0.2 M in D2O(pD=8). The concentration of 3F-

Tf -trHb was 13 mM, the cell pathlength 50µm. CO was added after protein reduction 

with sodium dithionite. 
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Figure 4. 16. Time resolved spectra recorded at different time delays, recorded at 550 

nm, showing the bleaching induced in 3F-Tf-trHb-CO complex in the υ(CO) stretching 

region for the coordinated CO. 

 

Figure 4. 17. Kinetic trace (scattered points) at 1955 cm
−1

 with the fit (solid line) 

obtained by global analysis. 

The kinetic traces registered at 1955 cm
-1

 are reported in fig.4.17. An accurate 

observation led to a biphasic recovery occurring within a sub-nanosecond 
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timescale. The kinetic trace can be satisfactorily fitted with two components, 

whose time constants are 250 ps and 1.4 ns, respectively. This kinetic behavior is 

similar to that observed for the WT protein but the fast picosecond component 

seems to account for a minor fraction of the total recombination process respect 

to Tf-trHb. Fig.4.18 displays time resolved spectra in the free CO region 

recorded at different time delays after excitation of the sample with a 550 nm 

laser pulse. The comparison between the kinetic traces recorded for bound CO 

and dissociated CO, reported in fig. 4.19, are in good agreement confirming that 

the 250 ps time constant is relative to the fast geminate recombination.  

 

Figure 4. 18. Time resolved spectra in the free CO region recorded at different time 

delays after excitation of the sample with a 550 nm laser pulse. The spectra have been 

corrected, as in previous cases, for the presence of a baseline which contributes to the 

signal. 
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Figure 4. 19. Comparison of kinetic traces at 2120 cm
−1

 (red line), corresponding to the 

maximum absorption in the free CO region in 3F-Tf –trHb and the kinetic trace at 1955 

cm
−1

 (black line), corresponding to the maximum absorption of the coordinated CO. 

 

 

4.6 Recombination dynamics comparisons between Tf-trHb and 

Bs-trHb 

 

Truncated hemoglobins from T. fusca and B. subtilis show high structural 

similarities even though the environments in which they have adapted their self 

are very different. Actually Tf–trHb is capable of efficient O2 binding and 

releasing between 55°C and 60°C that is the optimal growth temperature for 

Thermobifida fusca. A comparison between this two proteins is necessary in 
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order to explain their different ability to adapt to their respectively environments 

and to identify their not yet defined functions. The results presented in this work 

show that Tf-trHb and Bs-trHb are characterized by significant differences in the 

dynamics of ligand exchange and rebinding. In fig. 4.20 and 4.21 the comparison 

between the kinetic traces measured for the two bleaching bands of Tf-trHb 

(1940 and 1920 cm
−1

) with the corresponding bands observed for Bs-trHb (1925 

and 1988cm
−1

) are reported. As highlighted in the figures, although both proteins 

show fast geminate recombination, they have different relative amount of the 

picosecond dynamic phase.  

Moreover, from the comparison between kinetic traces recorded at the maximum 

absorption in the free CO region for both proteins, a more intense slow phase 

and a faster decay in case of Tf-trHb with respect to Bs-trHb is pointed out (Fig. 

4.22). 

 

Figure 4. 20. Comparison between the kinetic traces in the bleaching region for Tf-trHb 

and Bs-trHb upon excitation at 550 nm. Trace at 1920 cm
−1

 of Tf–trHb (black line) is 

compared to the trace at 1888 cm
−1

 of Bs-trHb (red line). 
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Figure 4. 21. Comparison between the kinetic traces in the bleaching region for Tf trHb 

and Bs-trHb upon excitation at 550 nm. Trace at 1940 cm
−1

 of Tf-trHb (black line) is 

compared to the trace at 1925 cm
−1

 of Bs-trHb (red line). 

 

 

Figure 4. 22. Kinetic trace at 2120 cm
−1

 recorded at the maximum absorption in the free 

CO region in Tf-trHb (red line) compared with the corresponding kinetic trace measured 

in Bs-trHb at 2130 cm
−1

 (black line). 
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Thus, both Tf-trHb and Bs-trHb bind CO in two different conformations: the 

“open” one characterized by a single hydrogen bond in order to stabilize the 

ligand and the “closed” one with two hydrogen bond directed towards the CO 

ligand. The presence of direct hydrogen bonding to the iron ligand is generally 

considered a key structural requirement for faster recombination after 

photolysis(68)(73). 

CO rebinding investigated in this work, however, showed several unexpected 

features. In Bs-trHb only 10% of photolyzed CO recombines with a 120 ps fast 

kinetic and the fraction of dynamic phase is the same in both conformations 

(open and closed), pointing out that it is independent of the number of hydrogen 

bonds between distal residues and CO. In Tf-trHb the recovery is quite different: 

the fraction of fast recombination is characteristic of open conformation and not 

in the closed one. These results are in agreement with those obtained for 

myoglobin in which time resolved infrared spectra measured at low temperature 

showed the appearance of two bleaching bands (at 1944 and 1926 cm
−1

), 

recovering on a different time scale. Even in this case the higher frequency band, 

corresponding to an ‟open‟ configuration, recovers faster than the low frequency 

one, as observed in Tf–trHb(33). Evidently, the reason of these unusual 

behaviors must be found in the structural flexibility of distal cavity; actually the 

steric hindrance due to residues around the ligand may prevent CO escape to the 

solvent and lead to a faster recombination. Accordingly, when the docking site is 

large enough to accommodate the dissociated ligand, the recombination is 

slower. The differences in the CO rebinding kinetics registered for two 

apparently similar proteins such as Bs-trHb and Tf-trHb highlight the strong 
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influence played by the structural organization of the distal heme pocket and the 

interactions among the protein and the heme-ligand complex. 

Actually, in Bs-trHb GlnE11 is near the ligand and might be able to form an 

additional, unsuspected, hydrogen bond with CO as TyrB10. Molecular dynamic 

simulations pointed out that changing between the two conformations GlnE11 

opens a cavity in the distal site for CO to escape to the solvent. Moreover the 

position CD1 in Bs-trHb is replaced by Phe residue whose steric hindrance is 

lesser than in Tf-trHb where the position CD1 is occupied by a Tyr residue. 

 

Figure 4. 23. Comparison between the kinetic traces in the bleaching region for Tf -trHb 

and 3F-Tf -trHb upon excitation at 550 nm. Traces at 1940 cm
−1

 (redline) and 1920 

cm
−1

 (black line) of Tf -trHb are compared to the trace at 1955cm
−1

 of 3F-Tf -trHb 

(green line). The three kinetic traces have been normalized on the long time scale. 

 

The comparison of Tf-trHb and its mutant 3F-Tf-trHb offers most interesting 

considerations. On the basis of the H-bonding ligand stabilization network 

demonstrated for the WT protein, the hydrophobic distal cavity of the triple 
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mutant protein was expected to affect drastically the dynamics of CO 

recombination. Accordingly, results indicate that although both proteins (Tf-trHb 

and 3F-Tf-trHb) show a very fast geminate recombination with similar time 

courses, the relative amount of the picoseconds recombination phase was very 

different. A comparison of the kinetic traces measured for the two bleaching 

bands of Tf-trHb (1940 and 1920 cm
−1

) with the kinetic trace corresponding to 

bleaching band observed for 3F-Tf-trHb (1955 cm
−1

), highlighted many 

unexpected behaviors for the two proteins [fig.4.23]. First of all, the trace 

recorded at 1940 cm
-1

, corresponding to the conformation stabilized by H-bond 

between CO and the only TrpG8 (thereafter “open conformation”), has shown a 

faster decay with respect to the band at 1920 cm
-1

, corresponding to the 

conformation stabilized by two H-bond between CO and both TrpG8 and 

TyrCD1 (thereafter “closed conformation”). Probably, in the open conformation 

the TyrCD1, although not involved in the ligand stabilization, can establish H-

bond with the water molecule present in the distal cavity increasing the steric 

hindrance and constricting the distal cavity volume with a consequent faster 

recombination. In the closed conformation the geminate recombination is due to 

the presence of a hydrogen bonding network represented by TyrB10, TyrCD1 

and TrpG8 that constitutes a barrier for ligand escaping. The surprising result has 

been obtained for the triple mutant 3F-Tf-trHb: the substitution of the three H-

bond donors with Phe residues have produced a completely hydrophobic distal 

cavity without the presence of water, although no ligand stabilization via H-bond 

could take place in this mutant, a strong recombination dynamic has been 

registered and the kinetic trace taken at 1955 cm
-1

 display a similar kinetic 
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behavior with respect to the closed conformation. Similar findings have been 

reported for Mycobacterium tubercolosis trHbO by Vos and coworkers that 

using femtosecond spectroscopy, analyzed the WT trHbO and two single and 

one double mutants in which the conserved aminoacids of distal heme pocket 

TrpG8 (Trp88), TyrCD1 (Tyr36) have been replaced with Phe residues. They 

found that CO rebinding occurs for 95% predominantly in 1.2 ns in all the 

analyzed proteins(74). 
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CONCLUSIONS 

 

The key conclusions of the current research are related to the process of ligand 

recognition and dynamics not only in the truncated hemoglobins from 

Thermobifida fusca and Bacillus subtilis but virtually in all heme proteins. By 

exploiting the versatility of the model system used in this study, namely the set 

of distal pocket combinatorial mutants of Tf-trHb, it has been possible to 

evaluate and single out the contributions of short range interactions such as 

hydrogen bonds, hydrophobicity of the distal pocket and of the overall 

architecture of the active site to the dynamics of ligands. 

H-bonding has always been inferred to play a significant role in determining the 

heme iron ligand stabilization in the form of single residue-to-ligand H-bonds, 

water-mediated H-bonds, or even ligand inclusive H-bond networks. In this 

context, the present work addressed the hydrogen bonding properties of Tf-trHb 

and its combinatorial set of mutants at equilibrium, by probing the ferric fluoride 

adduct, and under ultrafast photolysis time regime, by probing the dynamics of 

ferrous CO adduct. Fluoride, as a new probe of hemoglobin active sites, has been 

studied on a set of mutants where the three amino acids in key topological 

position of Tf-trHb (TrpG8, TyrCD1, TyrB10) are substituted with the non-

hydrogen bonding phenylalanine. The RR frequency of the ν(Fe–F) stretching 

mode in the low-frequency region provided direct evidence for H-bonding of the 

fluoride ligand to distal residues via modulation of the Fe-ligand strength. The 

spectroscopic characterization indicated a clear correlation between ν(Fe-F) 
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vibrational frequencies and CT1 electronic transition energies. The data obtained 

have highlighted the presence of two conformers in the fluoride complex of Tf-

trHb: the first is stabilized by a hydrogen bond between fluoride and TrpG8, and 

the second in which fluoride is hydrogen bound to both TrpG8 and TyrCD1. 

These conclusions highlight the usefulness of the Fe-F bond as a sensitive 

monitor of the distal hydrogen bonding in heme proteins and provide a clear 

insight into the fine adjustment of the iron ligand bond strength as a function of 

distal perturbations. 

The second conclusion of the present investigation concerns the spectroscopic 

behavior of a ferrous iron ligand in comparison with the ferric fluoride adduct 

mentioned before. CO has been shown to be a useful probe of heme-binding sites 

in Fe(II) proteins, because FeCO back-bonding is modulated by polar 

interactions with protein residues. The electrostatic field generated by the polar 

distal pocket amino acids alters the electron distribution in the FeCO unit, 

changing the order of the C-O bond. Two conformers were observed in the 

spectra of the CO complexes of both WT and ASV Tf-trHb: form 1 with ν(FeC) 

and ν(CO) at 509 and 1938 cm
-1

 and form 2 with ν(FeC) and ν(CO) at 518 and 

1920 cm
-1

, respectively. In agreement with the findings obtained for the fluoride 

adducts, the spectroscopic data and MD simulations demonstrated that CO 

interacts with TrpG8 in form 1 but with both TrpG8 and TyrCD1 in form 2, 

while TyrB10 does not directly interact with the bound CO. An empirical linear 

correlation with negative slope between the frequencies of the ν(FeC) and ν(CO) 

stretching modes has been found for a large class of CO complexes of heme 

proteins, including bacterial trHb‟s, and heme model compounds containing 
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imidazole as the fifth iron ligand. The ν(FeC)/ν(CO) position along the 

correlation line reflects the type and strength of distal polar interactions. Similar 

conclusions have been reached for fluoride complexes for which a correlation 

between ν(Fe-F) wavenumbers and the CT1 transition energy has been 

demonstrated. The (CT1)/ν(Fe-F) position along the correlation line appears to 

reflect the extent of distal H-bonding interactions. Taken together, results on 

both the ferric fluoride and ferrous CO adducts indicate that the distal pocket 

residues consistently bridges the iron bound ligand with two hydrogen bonding 

interactions, the former, and stronger, with TrpG8 indole nitrogen and the latter 

with TyrCD1. The latter hydrogen bonding interaction is clearly weaker and 

gives rise to an equilibrium between bonded and non-bonded population under 

physiological conditions of pH and temperature. MD simulations confirm the 

overall picture and attribute the weakness of the TyrCD1 hydrogen bonding to 

the high rotameric freedom of the TyrCD1 residue. The data also highlight the 

potential of combined resonance Raman (RR) and electronic absorption 

spectroscopy as a powerful method to investigate relevant properties of the 

active site of heme proteins.  

The third relevant conclusion of the present work concerns the local dynamics of 

the heme pocket in heme proteins as observed under picoseconds time regime, a 

time windows in which atoms motion takes place. In particular picoseconds CO 

recombination dynamics, provides a valuable insight into elementary processes 

occurring after ultrafast photolysis. For the first time, CO recombination 

dynamics has been monitored in the mid infrared spectral region, by using Tf-

trHb, its hydrophobic triple mutant and Bs-trHb as model systems. 
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Measurements in the mid infrared spectral windows are much more specific, 

with respect to the classical visible pump probe measurements, since they can 

interrogate the fate of the vibrational bands of the ligand before and after 

photolysis, thus providing a direct snapshot of the transient state of the 

photolyzed CO. The comparison of CO recombination dynamics among Tf-trHb, 

its hydrophobic triple mutant (3F-Tf-trHb) and Bs-trHb brings out a simple, 

though intriguing, ligand rebinding pathway that is unprecedented among all 

others hemoproteins investigated to date. First of all, the idea that the polar 

aminoacid residue, capable to interact with the iron-coordinated CO, are 

responsible for the high geminate yield in truncated hemoglobins does not hold. 

In fact, data obtained on the triple mutant, in which the hydrogen bonding 

network is abolished, indicate that the overall picosecond geminate yield is 

comparable, if not higher, in the triple mutant than in the WT protein. Moreover 

the different geminate recombination rates observed for ‟open‟ and ‟closed‟ 

conformations in Tf -trHb but not in Bs-trHb, indicate that the percentage of the 

fast rebinding process is not directly related to the number of H-bonds provided 

from the relevant aminoacid residues to the ligand. In addition, in all proteins, no 

metastable CO binding sites have been identified (the transient spectrum of the 

CO after photolysis is identical to that of free CO in solution). 

All together, these observations indicate that the pathway of ligand escape in 

these proteins is certainly hindered but distal hydrogen bonding interactions do 

not contribute to the barrier of ligand escape. The behavior of the triple mutant 

3F-Tf-trHb upon ultrafast photolysis is self-explanatory: although it lacks in 

polar residues capable of forming hydrogen bond to stabilize the ligand and it 
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does show a consistent picosecond geminate recombination after photolysis. On 

the basis of these data, and of previous observations on hydrophobic mutants of 

myoglobins (42), picosecond dynamics in heme proteins must be considered as 

depending mainly on the polarity of the protein matrix rather than on local 

hydrogen bonding contributions. Picosecond time scale rearrangements that 

involve not only selected aminoacid residues next to the ligand may contribute to 

the creation of metastable docking sites of the ligand or determine preferential 

pathways on ligand migration but appears to exert limited effects upon ligand 

recombination.  
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