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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 a-helices
rich assembly (globin fold) harbouring a heme prosthetic group. A typical globin
fold is characterized by two groups of three a-helices assembled in a 3-over-3a-
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). PheCDL 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*"). In the deoxygenated protein, Fe?*
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 a-
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).
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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 as, B1, o2, B2 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.
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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
(HbOy) is known as the relaxed (R) state. In the high O, environment (high pO,)
of the lungs there is sufficient O, to overcome the inhibitory nature of the T state
but when the oxyhemoglobin reaches the tissues the pO, is sufficiently low, the
T state is favored and the O, is released. Moreover, ligand binding to the heme
influences the association state between subunits because a1f3, interface, where
the transition T->R happens, is involved in tetramer dissociation to dimers of.
At the contrary, both o;f; and ayf, 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** oxidation to Fe"

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 ayf, form, but oyf;,interface is not stable as the
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mammals one so that oxygenated protein has only aff 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™ 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 O, concentration of 2040 nM in the cytosol of host
cells. This range of O, concentration permits an adequate supply of ATP for N,
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).

10
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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

11
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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

12
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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
a-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 a-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].

13
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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).
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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 (L1616 and LI637), nonphotosynthetic
photoreceptors (L1410 and LI1818) and the biological clock (LI818). Couture and
co-workers(24) have demonstrated that the L1410 and L1637 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 CO, levels. So, an effective detoxification system is required for
the pathogen to persist in vivo. The genome of M. tuberculosis contains glbO
and gIbN 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

15


http://en.wikipedia.org/wiki/Tuberculosis

LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS

tested, glbO gives a lasting response to lower concentrations of both stresses(26).
Other trHbs are involved in NO-detoxification, in redox reactions, in O, 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
16
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been employed both with physiological and non-physiological ligands both in
the ferrous and ferric states. Carbon monoxide is the most widely studied Fe(ll)
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 O, or NO ligands. Analysis of protein CO-
complexes provides many informations about the distal cavity structure of
hemoproteins. Within the protein matrix, the v(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™* from its gas phase
value of 2143 cm™" 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

17
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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 d; orbital to CO = orbital. Actually, the electrostatic
field generated by polar amino acid residues in the distal pocket affects the
electronic distribution of the Fe-C=0 system and the bond order of CO: when
CO is near a positively charged group, the Fe+=C=0- 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=0+ 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=0 bond; in the second case an
inverse event happens(28). C=0 stretching frequency is an indicator of
hemoproteins functional properties: in hemoglobins and myoglobins, in which
the integrity of ligand is needed, vC=0 (1950-1960 cm™) is major than vC=0 in
peroxidases and cytochromes p450 (1920-1950 cm™) 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™, 1945 cm™ and 1966 cm™ assigned to three different conformers of
CO-complex Al, 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

18
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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.

Vo~ 1966 cm™

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™. In other

words, a high Kinetic energy barrier exists on the interconversion between
19
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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].

cc

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

20
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polarized infrared and visible beams, the authors found an angle of 18 degrees
for the 1951 cm *band of HbCO against 20 degrees and 35 degrees, respectively,
for the 1944 cm'and 1933 cm ™ *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™* 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 %) has been assigned to the
conformer with the O atom pointing back toward the heme iron atom, low
frequency (2120 cm™*) B2 state is establish to have another orientation on the
basis of the kinetics of the appearance of the v(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, Al,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 O, 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 O, 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 O, 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 O, 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) ‘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 ¢ have been
described the Kkinetics 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 ¢ 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 (<1.0pM™ s and dissociation (<0.006 s™) of O, 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% O, 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 (z1= 37 ps
and 73=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 O, 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 (6¢c-HS) complexes if bond to the heme(49), as highlighted
by electronic absorption spectra of these complexes in which T—n* transitions
give rise to the strong Soret band with maxima between 404406 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 ay(m)—ey(dn) transition] and between 450 and 460 nm
[CT2 due to a'py(m)—aig(dzz)]. 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 v(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 v(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 v(Fe—F)
stretching modes appeared in the region between 380 and 470 cm™. In
particular, in the case of the fluoride complex of swMb, at neutral pH, both bands
at 422 and 462 cm* 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™ up-shift observed upon *°Fe/**Fe isotopic
substitution. In addition, the band at 462 cm™* has been reported to be pH
sensitive, as its intensity decreased upon acidification with the concomitant
appearance of a band at 399 cm ™. 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 a-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 |
trHbs(56). In Tf-trHb, some of these cavities are filled by substitutions with
larger residues (e.g.Trp87 and Trpl41l replace Leu57 of Bs-trHb and Leull3 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 Trpll9 (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. 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
I1 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(lll) of the heme at a
short distance (N-Fe = 1.92 A).

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 Phel07 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), andTrpl19 (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 (YCDI1F-
YB10F-WGS8F 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™ and 497 cm™) and to higher frequencies in RR spectra (1942 cm™ e
1965 cm™). Also YCD1->F mutation produces drastic consequences: RR
spectrum shows one only band at 505 cm™, similarly to IR spectrum (1943 cm™).
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™) and C-O bond (1931 cm™). 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™ and 1955 cm™; 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 v(FeC) and v(CO) at 509 and 1938 cm* respectively, and form 2 with
v(FeC) and v(CO) at 518 and 1920 cm * 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 Il 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-a 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
GIn49 (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=2.54A).
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Figure 2. 7. Three-dimensional structure of truncated hemoglobin from B. subtilis.
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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 1.92A. It is of
interest that in Bs-trHb the proximal pocket appears to be directly exposed to
solvent through a 55-A? 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 3.4A
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(Il)=1.91 A). 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 d,to the CO z* orbitals. As a consequence, the Fe-C bond strengthens while
the CO bond weakens, thereby increasing the v (Fe-C) vibrational frequencies
and decreasing thev(C-O) frequencies. The authors reported for Bs-trHb the

presence of two Fe-CO stretching bands at 545 and 520 cm™, respectively.
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Accordingly, two C-O stretching bands at 1924 and 1888 cm™ were observed in
infrared absorption and resonance Raman measurements. The very low C-O
stretching frequency at 1888 cm™ (corresponding to the extremely high RR
stretching frequency at 545 cm™) 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™ and a CO stretching band at 1958 cm™.

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(Il1l) heme with the formation of 6-coordinate (6¢) 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 Yjbl 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 Ncol (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-pB-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 NcolHindlIl restriction sites, has been cloned within puC19 Kpnl
cloning site by GENEART. The insert has been digested with restriction
enzymes Ncol and Hindlll (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-WGSF), TyrCD1fPhe-TrpG8fPhe (YCD1F-WG8F),
TyrB10fPhe-TyrCD1fPhe (YB1OF-YCD1F), and TyrB10fPhe-TyrCD1fPhe-
TrpG8fPhe (YB10OF-YCD1F-WGSF 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 Dby adding 1mM isopropyl-B-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 NacCl.
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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 Asoo-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(lll) 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 uM. The fluoride
complexes of the YB1OF-WG8F, YCD1F-WG8F, YB10OF-YCD1F, YB10OF-
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YCD1F-WGS8F Tf-trHb mutants have been obtained after the oxidation of the
Fe(Il) form (present in a mixture with the Fe(Ill) 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 1K4121R-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™ 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(ll1) WT
or mutated proteins with increasing concentrations of NaF or NaNj3 solutions in
50 mM phosphate buffer at pH 7.0. A range of 4-8uM 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 NaNj3 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* 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 v(CO) stretching vibration of the iron-bound CO
(1880-1990 c¢cm ' for Tf-trHb and 1825-1975 cm™ for Bs-trHb) and the
dissociated free CO absorption (2030-2230 cm ). Protein solution for Vis-
pump-Mid-IR-probe measurements were prepared by dissolving the samples in a
Tris-HCI buffer 0.2 M in D,O (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 ul of solution between two calcium fluoride
windows of 3 mm thickness and separated by a 50 xm teflon spacer for Tf-trHb
and mutants. In case of Bs-trHb a 100 xm 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
nd, 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* and from 2030 to 2230 cm ™.
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 O 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 (6¢) 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 v(Fe-F) stretch at 381 cm™and have the same proprionyl bending
mode pick; moreover a second band at 420 cm™ 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 v(Fe-F) band at 381 cm™ increased at the expense of the one at 421 cm™. On
the other hand, spectra of other mutants severely differ in the wavelength of the
CT1lband and in the wavenumber of the v(Fe-F) stretching mode, indicating a

different interaction between the bound fluoride and the distal polar residues.
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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 v(Fe-F) band at 421 cm™has been observed.
Similar results have been obtained for YB10F-YCD1F (CT1 at 609 nm and v(Fe-
F) band at 419 cm™) and YB10F-WGS8F (CT1 at 610 nm and v(Fe-F) band at
415 cm™) 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 v(Fe-F) band
to 432 cm™ suggest the presence of a weak interaction between the TyrB10 and
the bound fluoride. Finally, the YB10F-YCD1F-WGS8F triply mutant has been
proved to be not fully bound with fluoride being a mixture of two 6¢cHS forms,
an aquo 6¢HS heme (CT1 at 632 nm) and a 6¢HS fluoride complex. This latter
form has showed a CT1 band at 602 nm and a Raman band at 471 cm™ which,
being enhanced upon 441.6 nm excitation, is assigned to the v(Fe-F) stretch.
Moreover, in absence of TrpG8 and TyrCD1, the increasing stretching frequency
v(Fe-F)and the concomitant blue shifting of the CT1 band demonstrate that the
v(Fe-F) band at 381 cm™ 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-WGS8F 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(lll) Tf-trHb with
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coordinated fluoride (data not shown). First of all, MD simulations verify that
Phel07 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 v(Fe-F) band at 420 cm™ 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 TyrCDL1 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-WGSF: its spectra have displayed the highest energy CT1 band
in the Tf-trHb mutant series (i.e, at 603 nm) together with the highest v(Fe-F)
stretch at 471 cm™. 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(ll1) 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* 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 (K,n) and releasing
(Koff) in WT protein and distal mutants are reported. Although fluoride binding

proceeds at rates between 4-8 mM™s™

, many differences have been found
between the WT or ASV proteins and the single distant mutants: fluoride Ko
increases from a value of 1,2-1,7 s for not mutated proteins to 242 s for the
triple mutant. In particular the rate of ligand dissociation in stopped-flow Kkinetic
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™s™  Kost (F), s™
ASV 6,4+0,6 1,2+0,08
WT 6,5+0,4 1,7£0,07
YB10F 55%0,3 29+0,11

YCDI1F 4,2+0,6 9+0,12

WGS8F 45+0,5 30,2*0,26
YB10F-YCD1F 6,0=0,5 49+0,09

YB10F-WGS8F 54=*0,3 106 0,35
YCD1F-WGS8F 6,6+0,4 117+1,25
YB10F-YCD1F-WGS8F 7,604 242+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 ke versus v(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.
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Figure 4. 2. Correlation between the v(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 v(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)/v(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 (v(Fe-F) at 381 cm-"), are located at the extreme left side. In fact, H-
bonding decreases both the v(Fe-F) stretching frequency and the energy of the
eq(dm) orbitals, thereby lowering the energy of the au(m)>eq4(dr) 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™conformer, those for the second conformer of WT, ASV
Tf-trHb, and YBIOF (v(Fe-F) at 420-421 cm™) 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™.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 v(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, WGS8F,
YB10F-WGS8F, YB10F-YCD1F, YCD1FWGS8F, 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™ and a shoulder at 1920 cm™have confirmed the presence of two conformers
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as already demonstrated(57). The lower frequency band, located at 1920
cm *corresponds to the conformer in which CO is H-bonded to both TrpG8 and
TyrCD1, while the 1940 cm™* 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 v(CO) stretching vibration of
the iron-bound CO (1880-1990 cm ™) and the dissociated free CO absorption
region (2030-2230 cm ™). 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™*

, iIn 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-HCI buffer 0.2 M in D20 (pD=8). The concentration of Tf
-trHb was 10 mM, the cell pathlength 50um. 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 v(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™ band are
shown in black scattered points while kinetics measured at 1920 cm™ in red
points. As clear in the figure, the bleaching band at 1940 cm™ recovers faster
than the band at 1920 cm™. 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 ™ (fig. 4.7).
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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™* has been scaled to

overlap the trace at 1940 cm ™ on the long time scale.
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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™* 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 v(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™,
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™'), 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 (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 ™ bleaching band of bound CO, which has been scaled to match the intensity
of the free CO signal.

i —®—1940cm '
i -/_\' —m—2120em’
= v
= | .
= 1 -
%
E - E
C —
n
|
_—‘ 1 1 L
0 200 400 600
time (ps)

Figure 4. 9: comparison of kinetic traces at 2120 cm™ (black line), corresponding to the
maximum absorption in the free CO region in Tf —trHb with the trace at 1940 cm™ (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™) 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 ) 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™are
visible). The 1888 cm™ 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™) 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 v(CO) stretching
vibration of the iron-bound CO (1825-1975 cm %) and of the dissociated free CO
absorption (2030-2230 cm™!) 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-HCI buffer 0.2 M in D20 (pD=8), the cell pathlength 100pum. 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™ in perfect correlation with the FT-IR

spectrum bands.
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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 v(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* (red dots) overlaps the trace at 1888 cm™* (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™. The peak shape of the docked CO is not
completely symmetrical, the FWHM is about 30 cm *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™ for bound CO with
that recorded at 2130 cm™ 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.
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Figure 4. 14: comparison of kinetic traces at 2130 cm™* (black line), corresponding to
the maximum absorption in the free CO region in Bs —trHb with the trace at 1925 cm™

(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
Ti—trHb, time-resolved infrared experiments on the triple mutant protein 3F-Tf —
trHb (YB1OF-YCD1F-WGS8F) 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™. 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 v(CO) stretching vibration of
the iron-bound CO (1880-1980 cm %) and the dissociated free CO absorption
region (2030-2230 cm™*). 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™ 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 ™, 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-HCI buffer 0.2 M in D,O(pD=8). The concentration of 3F-
Tf -trHb was 13 mM, the cell pathlength 50pm. 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 v(CO) stretching

region for the coordinated CO.
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Figure 4. 17. Kinetic trace (scattered points) at 1955 cm™ with the fit (solid line)
obtained by global analysis.

The Kinetic traces registered at 1955 cm™ 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.
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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 ™ (red line), corresponding to the
maximum absorption in the free CO region in 3F-Tf —trHb and the kinetic trace at 1955

cm * (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 O, 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 %) with the corresponding bands observed for Bs-trHb (1925
and 1988cm ) 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).
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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™ of Tf-trHb (black line) is
compared to the trace at 1888 cm™ 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 * of Tf-trHb (black line) is
compared to the trace at 1925 cm™ of Bs-trHb (red line).
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Figure 4. 22. Kinetic trace at 2120 cm* 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™ (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 %),
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 Kkinetics 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 GInE11 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 GInE11l
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.
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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™* (redline) and 1920
cm* (black line) of Tf -trHb are compared to the trace at 1955cm™* 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 %) with the kinetic trace corresponding to
bleaching band observed for 3F-Tf-trHb (1955 cm™%), highlighted many
unexpected behaviors for the two proteins [fig.4.23]. First of all, the trace
recorded at 1940 cm™, corresponding to the conformation stabilized by H-bond
between CO and the only TrpGS8 (thereafter “open conformation”), has shown a
faster decay with respect to the band at 1920 cm™, corresponding to the
conformation stabilized by two H-bond between CO and both TrpG8 and
TyrCDI1 (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™ 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 v(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 v(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 TyrCDL1.
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(ll) 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 v(FeC)
and v(CO) at 509 and 1938 cm™ and form 2 with v(FeC) and v(CO) at 518 and
1920 cm™, 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 TyrCDL1 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 v(FeC) and v(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 v(FeC)/v(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 v(Fe-F) wavenumbers and the CT1 transition energy has been
demonstrated. The (CT1)/v(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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Flugride complexes of heme proteins are chamcterized by unique spectroscopic properties, that provide a
simple and direct means to monitor the interactions of the distal heme pocket environment with the irn-
bound ligand. In particular, a strong comelation has been demonstated between the wawelengthof the irn-
porphyrin charge transfer band at 600-620 nm [CT1) and the strength of H-bond ingdonation from the distal
amino acid side chains to the fluoride ion. In parallel, resonance Raman spectra with excitation within either
the CT1 band orthe charge transferband at 450-460 nm [CT2) haverevealed that the imon-fluoride stretching
frequency is directhy affected by H-bon ding to the fluoride ion. On this basis, globins and pemxidases display
distinct spectroscopic features, which are strongly dependent on the capability of their distal residues [ie
histidine, arginine and tryptophan) to be invohved in H-bonding with the ligand. In particular, in peroxidases
strang H-bonding comesponds to a kow inn-fluoride stretching frequency and to a red-shifted CT1 band. The

Keywards:
Resanance Raman
Charge transter bands
Bacterial hemaglabin
Flunride complexes

H-bands rever= is ohserved in myoglobin. Interestingly, a truncated hemoglobin of microbial origin (Thermobifida
fusca) investigated in the present work, displays the specific spectroscopic signature of a peroxidase, in
agreement with the presence of strong H-bonding residues, ie., tymsine and tryptop han, within the distal
pocket.

£ 2011 Elsevier Inc. All rights reserved.
1. Introduction polar interactions with protein residues, and by variations in the

The process of ligand recognition in heme proteins is a complex
phenomenon, its description requiring a full understanding of the
environment experienced by ligands in heme binding pockets. Over
the last three decades, notable research efforts have been devored
the development of experimental spedroscopic methods able o
probe the ligand binding site of diverse heme proteins [1]. Descriptive
analyses of the physicochemical properties of the active site in he me
proteins have been obtained by using iron ligands with different
chemical properties. Carbon monoxide is possibly the most widely
used Fe(ll) ligand. The most remarkable properties of the CO
complexes are oncerned with the high thermodynamic stability
coupled to photolability of the iron carbon bond, a feature that opened
the way to both steady-state [2] and time-resolved spedroscopic [3]
studies. Carbon monoxide is a useful vibrational probe of heme-
binding sites in proteins, because FeCO backbonding is modulated by

* Comedponding suthar. Tel: +39 055 457 3043, Lx: +39055 457 3077,
E-mmail address: giulie ga s mulevich@undliit (G Smulevich).
U These suthors contributed equally to this work

O162-0134/5 - see frant matter € 2011 Ebievier Inc. All rights reserved.
doi: 101016/} jinorghia 201 1.07.007

donor strength of the rans lgand This modulation is sensitively
maonitored by the CO and FeCstretching frequendes, which are readily
detectable in infrared and resonance Raman spectia [2]. Miric oxide
Fe(lll) complexes are emerging as a useful extension of the studies
with CO, particularly in view of its important physiological roles in
certain heme proteins [4] Cyanide complexes have also been often
employed in the characterization by NMR spedroscopy and X-ray
arystaliography [5]. Nevertheless, the electronic absorption spectra of
low-spin (LS} Fe(lll) ON° complexes of heme proteins are not
sensitive o the heme podeet environment Instead, resonance Raman
spectra of cyanide complexes have yielded insights into the distal
cavity structure [6-8]. Although isoelectronic with Fe(1l)0D adducts,
Be(l)(CN ™) adducts experience much less backbonding, and the FeC
stretching frequency are not markedly affected. Howe ver, the Fe(1ll)
(CN ) unit is easier to bend, and bent conformations are character-
iz=d by vibrational be havior quite distinct from that of the essentially
line ar conformer, giving indications of steric andforeledrostatic distal
interactions [9).

Less studied anionic ligands are azide, which gives a mixture of
high spin/low s pin (HS/LS) complexes [10,11], and sulfide which gives
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rise toa LS complex This latter anion has been recently suggested as a
potential physiological ligand for heme proteins in bacteria [12] and
for dehaloperoxidase isolated from the marine worm Amphitrite
ornata [13].

In this work, we propose to reconsider the opportunities yielded
by spectroscopic studies on the Muoride complexes of heme proteins,
Fluoride coordinates o Fe(lll) hemes with the formation of 6-
coordinate (6c) HS complexes, Thelr electronic absorption spectra
display an interesting feature in the 600-620 nm range, where a weak
band due to a charge wransfer transition (CT1) appears. A clear
correlation between the absorption maxima of the CT1 and the H-
bonding to the bound anion has been found in 2 series of mutated
heme containing peroxidases, thus indicating that fluoride is a
sensithve probe of the distal environment in peroxidases [14]. Besides
UV-Vis spectroscopy, resonance Raman [ RR) spectroscopy is a very
powerful wol for investigating the interaction between xogenous
ligands and heme iron. In general, the metal ligand stretching modes
can be selectively enhanced by tuning the laser frequency within the
Soret or charge transfer transition bands [15,16].

The nature and sensitivity of the metal-ligand bond o heme
structure and heme environment make the frequency of the
stretching mode an ideal probe able to provide detailed information
on the heme-ligand-protein interactions. However, unlike €O, CN-,
N0 and O, ligands, whose metal ligand stretch can be easily identified
on the basis ofits frequency shift observed using isotopic subsitution
of the exogenous ligands, Muoride isotwopes are not practicable due to
the high radioadivity and instability of "8F. As a consequence, the Fe-
ligand stretching modes could only be assigned on the basis of
S8Fe/5%Fe isotopic shift [17] However, the very small isotopic shift
(about 2em— ') and the laborious experimental procedure, which
requires preparation of the **Fe heme, make the isotope based
assignment impractical.

In order to gain more insight into the ligand recognition processes
operating in heme proteins, we investigated the fuoride binding
mode to the truncated hemoglobin [ rHb) from the actinobacterium
Thermobifida fusca (THrHb), by combining UV-Vis eledronic absorp-
tion with RR spectroscopy. Tr-Hbs are characterized by a typical
structural fold with & two-over-two helical strucure, and by a
remarkable varizbility in the nature of the amino acid residues within
the heme active site. On the basis of the amino-acid sequence, they
have been dassified into three groups, namely [ (HBN), 11 {HbO) and 111
[HbF) [18]. In spite of many biochemical and physiclogical observa-
tions, pointing to possible MO [19], sulfide [12] or axygen reactive
spedes [19] scavenging activities, the functional role of these proteins
remains unckear. TtrHb, the first identified thermostable truncated
hemoglobin [20], exemplifies the structural propertes of group 1
trHbs. Its crystal structure revealed that the active site is charaderized
by the invariant Fe-hisddine covalent link on the proximal side, and
by 2 highly polar distl environment in which TrpGE, TyrCD1, and
TyrB10 provide three potential H-bond donors in the distal cavity to
stabilize the incoming ligands [20]. Very recent work has dearly
indicated that TrpG8 and TyrCD1 are the residues mainly involved in
the stabilization of exogenous ligands, namely sulfide in the Fe(lll)
state [12] and CO in the Fe(1l) state [21].

The data obtained for the fuoride complex of T-wHb are
compared with those obtained for myoglobin (Mb) and peraxidases.
In fact, in vertebrate globins, the key role of the highly conserved
distal HisE7 residue in controlling igand binding has been established
through a number of structural, thermodynamic, and kinetic studies
on naturally occurring and properly engineered heme proteins [22]. In
heme containing peroxidases along with the distal His, an Arg residue
is determinant to the anion binding via a strong H-bond between the
positively charged guanidinium group and the anbon [23].

The very good correlation between the vibrational and electronic
features found for various fluoride complexes of heme proteins
provides a simple method for testng the polarity of the distal cavity.

The combined analysis of the electronic absorption and RR spectra
allows us to radonalize the CT'1 wavelengths and the wavenumbers of
the v(Fe-F) stretching mode, enhanced by exdtation in the charge-
transfer band at 450460 nm (CT2), in terms of the strength and the
number of the H-bonds between the anionic ligand and the distal
residues of heme proteins. The fluoride anion is strongly stzbilized by
H-bonds with the distal residues in T-trHb. The spedra resemble
those of heme containing peroxidases suggesting that the polarity of
its distal cavity is similar to that of the peroxidases.

2 Materials and methods

Fluoride and phosphate salts, and isotwpically enriched water 0:0
[998%) were obtzined from Merck AG (Darmstadt, Germany), and
Sephadex G-25 from Pharmada Biotech | Uppsala, Sweden). Horse hean
Mb ( hhMb), spemm whale Mb (swhMb), and 2-[N-Morpholino]ethane-
silfonic add (MES) were bought Nom Sigma-Alddch (Steinheim,
Germmany) and Horseradish peroxidase isoenzyme C (HRPC) from
Biozyme Laboratores (South Wales, UKL All chemicals were of
analytical or reagent grade and were used without further purification.
Ti-trHb was obtained and purified as previously described [21].

Sample preparation hhMb and HRPC samples were prepared by
simply solubilising the commerdal produds (powder) in appropriate
buffer. swhb samples were obtained by diluting the commercial
buffe red protein solution (0,02 M Tris HA pH 8.0) in the appropriate
buffer untl the desired pH was obtained. Fe 1) TtrHb was obtained
after the oxidation of the Fe(ll) form using excess potassium
ferricyanide followed by gel filtraton on a Sephadex G-25 column
w remove the oxidant, The uoride complexes were prepared by
adding a 0.5 M buffered solution of NaF to the samples, giving a final
concentration of 046 M. 0.1 M phosphate and MES buffers were used
for experiments at pH 7.0 and 52, respectively. The sample
conceitration was in the range of 25-200 pM. Deuterated hhMb and
HRPC-Muoride complexes were prepared by simply solubilising the
commercial products (powder ) in buffered [0.1 M phosphate buffer
(pD 7.0) and 0.1 M MES buffer (pD 5.1)]. The deuterated fuoride
complex of Ti-trHb was prepared by adding 5 plof proteins, in 0.1 M
natural abundance buffers, to G0l of 0.5 M Auoride in 0.1 M D0
phosphate buffer.

21. Spectroscopic characteriza tion

Electronic absorption spedra, measured with a double-beam
spectrophotometer (Vadan Cary 5), were recorded using 2 1 cmeuvette,
and a 600 nmymin scan rate. Absorption spectra {using a 5-mm NMR
tube) were measured both pdor to and after RR measurements,
ensurng that no degradation had taken place under the experimental
conditions, For the difiere ntiation process, the Savieky-Goly method
‘was applied using 15data points. No changes in the wavelength or inthe
bandwidth were obsened when the number of points was increased or
decreased.

RR spectra were measured with 406.7 am (Kr ' laser, Coherent,
Innova 300C) and 441L6nm (He-Cd laser, Kimmon IK4121R-G)
excitations using a triple spedrometer (consisting of two Acton
Research SpecraPro 23000 working in the subtractive mode, and a
SpectraPro 25001 in the final stage with a 3600 grooves per millimeter
grating ), equipped with a liquid-nitrogen conled CCD detector (Roper
Sdentific Princeton Instruments). RR spectra were calibrated with
indene, n-pentane and carbon tetrachloride as standards to an
accuracy of 1em ™! for intense isolated bands. All RE measurements
were repeated several times under the same conditions o énsure
reproducibility. To improve the signal-to-noise ratio, 2 number of
spectra were accumudated and summed only if no spectral differences
were noted
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3. Results and discussion
3.1. Hectronic absomption speciroscopy

The complexes of heme proteins with fluoride yield spectra typical
of a 6eHS complex [24-27] whose 1t — n* transitions give rise to the
strong Soret band with maxima between 404406 nm, and the
weaker Q band at 490 nm. Charge transfer transitions occur between
607 and 617 nm [CT1 due to az( ) =rez(dq) transition] and between
450 and 460 nm [CT2 due to a"zu[rr}l-au[dz}] |28]. This Ltter
transition gives rise to a very weak band in the electronic absorption
spectra, but it is clearly detected in the magnetc circilar dichroism
[ MCDY) speectra [29,30].

Fig 1 compares the electronic absorption and is second de rivative
spectra of the Muoride complexes of horse myoglobin (hhMb) at pH
7.0 and 52, horseradish peroxidase ( HRPC), and Ti-orHbat pH 7.0. The
specrum of Fe(lll) Ti-irHb is also reported being consistent with a
micture of an aquo GcHS heme and a hydroxo BeLS. These data are
summarized in Table 1 wgether with those of swMb, cytochrome ¢
peroxidase (OCP) and is distal varians HisS2lew TrpS1Phe and
ArgaBlew

It can be seen that the Soret and ) band maxima are very similar
within the various heme proteins and the CT2 band is found between
451 and 454 nm. In contrast, small yet significant differences in the
wavelength of the CT1 band are observed. The wavelength of the CT1
band is asensitive probe of axial ligand polarity and of its interaction
with the distal protein residues. It blue-shifis when the p andjfor no
donor ca pability of the axial ligands increases or when the ligand acts
as a H-bond donor (e.g, H20 or HyO ') since the interaction between
the p/morbitals of the ligand and the iron dg orbitals raises the energy
af the latter. The opposite effed is observed when the ligand acs as an
H-bond acceptor [31.32 and references therein]. An extensive study
on heme peroxidases from various organisms [33] suggested that the
position of the CT1 maximum could be related to structural properties
of the protein cavity surrounding the bound fuoride anion. Such
correlation is further strengthened by the observed effec of distal
mutations on the CT1 positon of the fluoride complex of CCF, while

T8

h,

e
2 hhMb-F
- pHTO

L ]
SO0 GO0 TOO
Wavelength (nm)

Fig- 1. Hearonic absorption [continuows line) and second derivative [dotted line)
spectraof Fe[ 1) TEuHb, together with the lluoride complexes of T-teHb, HRPC and
M st pH 70 (0.1 M phosphate). and hhMb st pH 5.2 (01 M MES).

proximal mutations affecting the Fe-N imidazole bond strength do
not affect the CT1 maxima [33]. The CT1 maximum is observed at
617 nm as a result of three H-bonds donated w the Mluoride by Argss,
Trp51, and a water molecule, consistent with the crystal structure of
the CCP-F complex [34]. A blue-shift of the CT1 is observed in the
mutant W51F where replacement of the distal Trp by a non-H-
bonding Phe residue reduces the number of H-bonds involving the
ligand with the protein matrix from three to two. A similar blue-shift
is observed in HRPC, consistent with the factthat HRPC lacks the distal
Trp residue [ not conserved in heme containing peroxidases) and two
H-bonds are present: one is with the distal Arg, and the other islikely
with a water molecule which is in turn H-bonded with the distal His
133]

In the case of Mb-F complex, the ¥-ray structure shows that the
anion is doubly H-bonded, with 2 water molecule and the distal His
[35]. The observed CT1 band occurs at 607 nm, blue-shifted with
respect to HRPC It was suggested that this difference might be
ascribed to the different type of H-bond involving the fluoride anion,
e, with neutral His in Mb and with the positively charged
guanidinium group of Arg in HRPC [33]. This condusion is reinforced
by the observation that for Mb-F at acidic pH, where 2 protonated
histidine interacts with the ligand, the CT1 maximum (609 nm)
be oo mes comparable with that of HRPC (611 nm) and of the Arg48Leu
mutant of O (610nm). On the basis of these findings the CT1
maximum at 613 nm observed for T-trHb-F is consistent with the
presence of multipke H-bonds donated to the Nuoride by the distal
residues,

32, Resonance Raman spectroscopy

In addition to the UV-Vis spedra, the RR frequency of the v(Fe-F)
stretching mode in the low-frequency region would provide direct
evidence for H-bonding of the Muoride ligand w distal residues via
information on the Fe-ligand strength. Asher and coworkers demon-
strated that the specific enhancement of the v(Fe-F) strewching
vibrational modes occurs when excitation is within the CT1 band
[24,36,37]. Utilizing a tunable dye laser which can exdte within the
CT1 bands [600-640 nm) they investigated the ligation properties of
the complexes of Nuoride with swMb and human adult hemoglobin.
The v(Fe-F) stretching modes appeared in the region between 380
and 470 am . In particular, in the case of the Muoride complex of
swhb, at neutral pH, both bands at 422 and 462 cm ™' have been
assigned as Fe-F stretching bands. The latter band had also been
observed upon exdtation at 4416 nm for the Muoride complex of
hhMb [17], 2nd assigned w the Fe-F stretching mode on the basis of
the 2cm™ ' up-shift observed upon *Fe/*“Fe isotopic substitution. In
addition, the band at 462 cm™ " has been reported to be pH sensitive,
as s intensity decreased upon addification with the cncomitant
appearance of a band a1 399 an . This result was interpreted as an
add-base equilibrium with p=525, being due to prownation of the
distal His and formation of a strong H-bond to the Muoride ligand in
swhib[24]. Based on the results obtained by Desbois, we atiempted w
identfy the v(Fe-F) stretching mode of the Muoride complexes using
excitation in the T2 band, which is dearly evident in the eledronic
absorption and in the second derivative spedra of luoride complexes
atabout 450 nm ( Fig. 1). As previously re ported [17] the bestintensity
enhancement of the v(Fe-F) stretching mode has been obtained by
excitation with the 4416 nm line of a HeCd Lser.

Fg. 2 compares the RR spectra in the low frequency region of
hhMb, HRPC and Ti-trHb at pH 7.0 taken with excitation in resonance
with the Soret band (406.7 nm) and the CT2 band (4416 nm). The RR
frequendes of the w(Fe-F) stretching modes obtained with two
different excitations for the Muoride complexes of Ti-rHb, seleced
heme contzining peroxidases and hh- and sw-Mb are reported in
Table 1, where the last column indicates the suggested distal residues
H-bonded to the fluoride ligand. Visual inspection of the spedra
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Talrke 1

Saret and CT1 band maxima (nm). and 1 Fe-F) stretching bhand wave mumibers [am—") of the fhoride complexs: of various heme prowing.

Proteing Saret nm Qnm Tl nm T2 nm wWFe-F) [em™") H-tareds wiith Tl ride
Exc (T ExeCT2

T-Lrie 405 430 613 452 383 TrpGE TyrCDN, H O

apMIp 206 617 TrpS1 Argds 10

HigS2Lewy COP(MIT" 206 617 TrpS1 Argds 10

Tep5 1Phe CCP(MI)* 406 613 Argdd 1,0

ArgdSLeu COP{MI | 206 610 Tips 1 [H20)

HRPC" 404 430 611 451 35 385 Arg3s Hx0

Arg3fleu HRPCS, Draes nat bind Muaride

swMb, pH 70° 430 607 461, 422 Hishd, 10"

awhib, pH 549 43 609 399, 4222 Higg4=, HO

lﬂidh.p]l?.tf 453 a6 Hisfid, D

hlddb pH 7.0 A6 430 &7 454 460 Hishd, WO

hlMb pH52 A5 430 &9 453 41 Highd ™, Hy D

swidb, pH 70 A6 430 &7 454 482 Hishd, WO

swhdb, pH 52 A6 430 609 410 Higg4 ™, Hz O

N E:l

= |38L

bRk

4 |24L

= |35

L

clearly indicates that changing the excitation frequency caiises
changes in the intensity of some bands in the 380-460 cm ™" region,
where the o Fe-F) stetch is expected. In particular, as previously
observed [17], the RR spectrum of hhMb shows the enhancement of
the 460 cm " band in resonance with the CT2 transition (2416 nm).
At pH 52, this band decreases in intensity, in agreement with the

- " - 4067 nm e 41,6 M

Py
T+ wn/-gj\/\[\_/_
Mh el

5

Mb-F

400 500

Wavsnumhur fcm” }

Raman Intensity (8, u.)
- 385 —383

—460

o
q

Fig. 2. Resonance Rama n spectsa in the law-Trequensy regianal Fe[ll) TF £ Hb, bgether
with the flunride complenss af Tk HRPC and HhMb 3t gH 70 (0.1 M phasphate).
and hdddl st g 52 (0.1 M MES), Bken with excdbtion in resonand with the Saret
[4067 nm) and with the CT2 band (441 6nm). Bxperimentsl conditions, 406.7 nm
excitation wavelength: 1cm™ " spectral resalution, 6 mW laser power at the sample,
aversge ol En spectra with 1800 s integration time [Fe[ll) TI-trHb), sverage of thres
spectra with 18004 inegration time [TI-trHb-F), sversge of six spectra with 600 <
integration Bme [HRPC-F and hhMb-F st pH 7.0), sverage of six spectra with 650 5
integrationtime (RhMb-FatpH 52); 441 6 nm exdt fon wavelength: 1cm— ' spectral
resoluion, 10 mW Lser power at the ample, average of two spedra with 1800 s
integration time [Fe[1l) Ti-trhl), sversge of four spectra with 900 § integr ation time
[T-trHb-FL 24 mW laser power at the sample, average of three spectra with 2700 s
integration Bme [HRPC-FL sversge of s spectrs with 600 £ integ ration time [ HiMbL-F
at pH 52 average of nine spectra with 500 s integration time [hhMb-F at pH 7.0)_A
baselineg has be ensubiracted lrom e $pactra of TI-eHb, TI-rHB-F, and MB-F 2t pH 70

previously reported RR spectra with CT1 exdtation [24], whereas a
band at 411 cm™ ! strongly increases.

In order to verify whether the enhancement of the W Fe-F)
stretching mode in the RR spectra obtained in resonance within the
CT2 band is a general behavior for heme proteins, we recorded the
spectra of the Muoride complex of HRPC. A very strong band, assigned
to the v(Fe-F) stretching mode, was previously found at 385 cm "
upon excitation in the CT1 band at 603 am [38]. This very low
frequency has been interpreted as due to two strong H-bonds
between the fluoride anion and both the distal arginine (Arg38) and
awater molecule [33 38). This is consistent with the observation that
fuoride does not appreciably bind to Fe in the Arg38Leu variant of
HRPC (Table 1 and [39]). The RR spectrum of HRPC-F with both
406.7 nim and 4416 am excitation is shown in Fig. 2. The most intense
band in the low-wave number range i in the region 380-385 cm ™~ ', in
agreement with previous resulis.

The RR spectrum of the Ti-rHb luoride complex is quite similar to
that of HRPC-F, with the enhancement of 2 band at 383cm™ ', asg
compared to the protein without ligand. In analogy with HRPC-F, the
low frequency of the v(Fe-F) stretchindicates the presence of strong
H-bonding interactions between Muoride and the distal cavity
residies.

Experiments carried out in deuterated buffers dearly showed
frequency intensity changes in the megion of the v(Fe-F) stretching
bands (Fig. 3). Both hhtb-F bands at 460 em™~ " and 411 em ™", which
are intense at pH 7 and 52 respectively, shifts up by 2 em ™' in D50,
yielding addidonal evidence of their v(Fe-F) stretching nature. The
upshift is caused by a slightly stronger Fe-F bond following the
weakening of the H-bond No other changes are observed in the spectra,
Inthecase of HRPC and Tt b, deuteration affects the intensity and the
frequency of the doublets observed at 380-385 cm~ ' (HRPC) and 369
383 am " (TE-trHb) { see Fig. 3). Ins pite of the overlap betwee nv{Fe-F)
stretch and the propionyl bending modes, theobserved sensitivity to the
H/D exchange within this spectral window supports the presence of a
1 Fe—F) stretch with a strongly H-bonded F-ligand. In fact, the isotopic
sensitivity in the low frequency region is observed only in the ligated
proteins, since the RR spectra obtained in H;0 and D50 buffers of ferdc
HRPC and T-rHb are identical (data not shown).

The effects of deuteration on the frequency of the »{ Fe-F) stretch
are an upshift in the case of hhMb-F and a downshift for HRPC-F. For
Ti-thHb 2 dear shift could not be estimated. This finding can be
possibly rationalized, since it has been theoretcally predicted that HY
D substitutions may give rise to diferent efects on the H/D-bond

104



LIGAND BINDING DYNAMICS AND SPECTROSCOPY IN TRUNCATED HEMOGLOBINS

1342 E Droghetti &t al | faurmal af Inorganic Bochengsey 105 (201 1] 13381343

Rarnan intensity (a.u.)

200 350 400 450 500
Wavenumber {cm”)

Fig. 3 Resanance Raman spectra in the low-frequency region of fluaride sdduets of T
trHls, HRPC and hhMbat pH7.0 and pl 7.0 {01 M phosphate], and BhMb 2t g 52 and

PD 51 (@1 M MES) taken with excitation in resonanes with the CT2 band (441 6nm).

Experimental anditions, 1 em™ " spectral resalution 27 miW Liser power 2t the sample,
average of five spectra with 1800 s integration time [TT-trb-FL sversge of sixspectra
with 600« integration time [HRPGF), sversge of sevenieen specra with 300
inegration time (HMBF 2t pH and pD 70), sversge of fifleen specra with 300 5
inegration time [HhMb-F 2t pH 52 2nd pD 5.1 A bassline has heen subtracted fom
the spectr 2 of T Hb-F and Mb-F 2t pH 70.

strength in differenty charged model systems [40] Interestingly, in
HRPC-F also the band at 356 cm™ " downshifts by 2cm ™ " in D20, A
fairly strong band observed in the RR Soret exdtation spectrumof the
ferric HRPC ( without F) at 350 cm ™ " has been assigned to the vs (fag)
mode [41]. However, we annot rule out that this band corresponds o
an out of plane mode which is enhanced upon excitation in the CT2
band. Changes in this region have been alkso observed in the Soret
excitation RR spectra of ferric HRP-OH formed at alkaline pH. In this
case the doublet at 343 (ys) — 350 cm™ ' [vs) changes the relative
intensity and shifts to 343-352 cm™ ', respectively in the deuterated
buffer [42].

The presence of strong H-bonding interactions between Muoride
and the distal cavity residues in both HRPC and TE-trHb agrees well
with the recent studies on the complexes of sulfide and CO with Fe( 1)
and Fe(ll) Ti-trHb, respectively [1221]. In particular, for the CO
complex, the spectroscopic and computational results carried out on
the wild-type protein and selected distal variants demonstrate the
existence of two COconformers. CO interacts with TrpG8 in one form
and with both TrpG8 and Tyr in the other, while TyrB10 does not
directly interact with the bound Q0. On the basis of these findings, we
propose that the fluoride anion is equally stabilized by two H-bonds
donated by TrpGE and TyrCD1. In addition, in analogy with the other
he me proteins, a third H-bond with a distal water molecule cannot be
ruled out, since in the absence of the ligand the protein is an aquo
GeHS species,

In agreement with previous conclusions for the CO complex, the
present results clearly indicate that the polarity of the T-trHb distal
cavity is very close w that of the heme-onaining peroxidases,
consistent with recent findings of the genuine peroxidase activity
possessed by T-trHb [43] and other bacterial truncated hemoglobins,

such as the truncated hemoglobin O from M. tubercolosis [44].
Moreover, the possibility that the Trp-Tyr pair may mimic the His-
Arg couple is consistent with the previously observed decrease in the
peraxidase activity in the Trp-Phe mutants [43].

4 Conclusions

The high sensitivity of the uoride anion as a probe of the polarity of
the distal cavity has been used to demonstrate the “peroxidase
character” of a prototypic representative of the “truncated globin®
subfamily. ln fact in TiHrHb, a low v(Fe-F) stretching frequency has
been shown tocorrelatew itha red-shifted CT1 band in the visible region
as a consequence of srong H-bonding to distal podket residues. The
present experimental results, taken together with relevant literature
data, provide aclear picture of the correlation betwee nthe iron-luodde
bondstrength and the polarity of the distal podeet Re-analysis of hhMb,
swivb and HRPC Muoride complexes with exdiation in the more readily
achievable CT2 band complete the overall picture, thus offerdng an
experimentaly easy method o access the physicochemical propaties
of the simplest model compounds in heme protein che mistry, composed
of & monoatomic ligand able to sensitively monitor the important
interactions with distal pocket residues,

5. Abbreviations

TurHb  truncated hemoglobin from Thermobifida fusea
o cytochrome ¢ peroxidase

HRPC horseradish peroxidase soenzyme C
hhMb  horse heart myoglobin

swMb  spermwhale myoglobin

MCD magnetic dreular dichroism

RE resonance Raman

[ G-coordinate

HS high spin

LS low spin

T charge transfer
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ABSTRACT: The structural and functional properties of the . YB10F-YCD1F-WGSF
B " " P E O
active site of the bacterial hemoglobin from Thermobifida fusca © < A‘“‘” YCDIEWGEF *
are largely determined by three polar amino acids: TrpG8, 2 ; "E reso o,”
TyrCD1, and TyrB10. We have exploited the availability of a g § = s
combinatorial set of mutants, in each of which these three amino & -4 E o . o] V'!G‘ﬁF
acids have been singly, doubly, or triply replaced by a Phe = E “c';’ YCOIF
residue, to perform a detailed study on H-bonding interactions = 18300

between the protein and heme-bound fluoride, By appropriate P =~ P a P A Y
choice of the excitation conditions, v(Fe—F) stretching bands Wavelangh (nm) Wavenumber icni'y WFa-F) (em)
have been detected in the resonance Raman spectra. In the wild-

type protein and one of the mutants, two ¥(Fe— F) bands have been observed and assigned to the presence of two protein
conformers where fluoride is singly or doubly H-bonded. Furthermore, by plotting the CT1 charge-transfer transition energy vs the
v(Fe—F) wavenumbers, an empirical correlation has been found. The data are well fitted by a straight line with a positive slope. The
position along the correlation line can be considered as a novel, general spectroscopic indicator of the extent of H-bonding in the
active site of heme proteins. In agreement with the spectroscopic results, we have observed that the rate of ligand dissociation in
stopped-flow kinetic measurements progressively increases upon substitution of the H-bonding amino acids. Molecular dynamics
simulations have been performed on the fluoride complexes of native and mutated forms, indicating the prevalent interactions at the
active site. All the techniques yield evidence that TrpG8 and TyrCD1 can form strong H bonds with fluoride, whereas TyrB10 plays
only a minor role in the stabilization of the ligand.

W INTRODUCTION mutagenesis® were ively applied to globins in general, and

One ofthe key objectives of current research in heme proteins my?g]obin in_parlicu]ar, thus contributing tg ﬁ](eate the concept
is to find well-defined correlations between functional aspects of myug]ubm_ as a molecular ]aburalury_ - More Iecmﬂ_y’
and chemical properties of the active site, There are three main however, the d:s_covery ufn_ove] natural variations cvn the globin
determinants for the reactivity of the active site of heme proteins, theme _has provided new lmpeh_.l.s on heme_ p‘rcl_le_m research.
namely, oxidation and spin state of the iron jon, “proximal” iron ?“ particular, alarge family a_fg]abms ofbacl_e'na] origm charact_e'r-
coordination to the protein matrix, and “distal” cavity environ- 1zed by a two-over-two helical structure fm.?‘t_eac! of the typical
ment. The latter is essentially defined by the protein amino acids t]‘rree-o_vet-lh‘fee), a_nd bya_rel_'natkab]e vanabl?lty m the nature of
which can stabilize (or destabilize) the iron-bound ligands the amine acid residnes within ﬂ?e heme actr]v]e site, have been
through a manifold of interactions. H-bonding often appears to 1denhﬁ_ed as truncated heyiog]oblns (trHbs), uThe “}_Ib from
play a significant role in determining the degree of ligand the actinomyces T_‘hﬂmob_'ﬁda fiusca (THIHE')_ Exemphﬁej_lhe
stabilization, in the form ofsing]e residue-to-ligand H—bcmds,l’z Sl'l'l:ld'l.l'[a] properties of this .mbfamilydfprote_ms. Its polar chs‘l_a]
water-mediated H-bcmds,a or even ligand inclusive H-bond residues, TrpG8, TyrCD1, and TyrB10, provide three potential
networks*~7 Therefore experimental methods which can selec- H-bond donors to stabilize the incoming ligands. The role of

. 3

tively and sensitively probe H-bonding interactions are highly these residues has been recently addressed in a combinatorial set
valuable. ofmutants in which each amino acid hasbeen replaced singly by a

Optical spectroscopic methods have been employed in re-
search on heme protein chemistry both with physiological and Received:  October 3, 2011
nonphysiological ligands. Advanced technique” and site-directed Published: November 17, 2011
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Phe residue, and also by preparation of double and triple
mutants. This unique collection of mutants, in which the highly
polar distal environment is progressively transformed in a fully
hydrophobic cavity, has been investigated by functional and
spectroscopic studies that dlearly indicated that TrpG8 and
TyrCD1 are the residues mainly involved in the stabilization of
exogenous ligands, namely sulfide in the Fe(I11) state’* and CO
in the Fe(1l) state."*

In the present work, we exploit the high sensitivity of fluoride
complexes to probe H-bonding in the distal cavity of Tf-trHb.
Our results rest on a very recent rediscovery of the potential of
combined resonance Raman (RR) and electronic absorption
spectroscopy of fluoride-bound heme ProleinsA]‘s We have now
tested this method on the benchmark of the combinatorial set of
TftrHb mutants. The spectroscopic results for the eight proteins
are compared with kinetic and computational results, showing a
good agreement. The analysis of the results leads to a novel
correlation between the ¥(Fe—F) vibrational frequency and the
CT1 transition energy.

B EXPERIMENTAL SECTION

Abbreviations. trHb, truncated hemoglobin; TS, Thermobifida
fusca; ASV, acidic surface variant of Tf containing two single site
mutations Phe 107Gl and Arg91Glu; DHP, dehaloperoxidase; HRPC,
horseradish peroxidase isoenzyme C; hhMb, horse heart myoglobin;
swMb, sperm whale myoglobin; MES, 2-(N-morpholino Jethanesulfonic
acid; TRIS, tris(hydroxymethyl)aminomethane; MD, molecular dy-
namics; RR, resonance Raman; 6c, six-coordinate; HS, high spin; CT,
charge transfer; WT, wild type.

Genetic Engineering Procedures. Wild type (WT) Tf-trHb was
expressed as a recombinant protein in Fscherichia coli cells and purified as
described prmmsly‘n As previously repm’ted,14 the acidic surface variant
(ASV) of Ti-trHD differs from the WT protein by mutation of both Phe 107
and Arg91 to glutamicacidto increase protein solubility during recombinant
expression, without affecting thermostability or ligand binding properties.
Therefore, ASV was taken as an engineered scaffold of the WT protein for
subsequent site-directed mutagenesis studies on the relevant residues of the
distal heme pocket. In particular, our study included the single, double, and
triple mutants in which the polar distal amino acids [ TyrB10{54), TyrCD1-
(67), and TrpG8(119)] were replaced with Phe residues. Seven distal
mutants of ASV were studied, namely, TrpG8—Phe (hereafter WGSF),
TyCD1—Phe (YCD1E), TyrB10—Phe (YBIOE), TyrB10—Phe TrpGs—
Phe (YBIOE-WGSE), TyrCD1—+Phe TrpG8—Phe (YCDIE-WGSE),
TyrB10—Phe-TyrCD1—Phe (YB1OE.-YCDIF), and TyrB10—Phe-
TyrCDI—~Phe TrpG8—Phe (YB1OE-YCD 1 F-WGSE).

Sample Preparation. All measurements were performed at room
temperature. Fluoride and phosphate salts were obtained from Merck
AG (Darmstadt, Germany), and Sephadex G-25 from Pharmacia Biotech
(Uppsak, Sweden). 2-[N-Morpholino Jethanesulfonic acid (MES) and
tris(hydroxymethylJaminomethane (TRIS) were bought from Sigma-
Aldrich (Steinheim, Germany). All chemicals were of analytical or reagent
grade and were used without further purification. The fluoride complexes
were prepared by adding a 0.5 M buffered solution of NaF to the Fe(ITI}
proteins, giving a final concentration of 0.2 M, Buifers (0.1 M) were used
for experiments at pH 85 (TRIS), 7.0 (phosphate), 5.5 (MES). The
sample concentration was in the range of 50—100 #M. The fuoride
complexes of the YBIOF-WGSF, YCDIEWGSF, YBIOE-YCDIF,
YB10F-YCDI1F-WGSF Tf.wHb mutants were obtained after the oxida-
tion of the Fe(I1) 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.

Spectroscopic Characterization. Electronic absorption spectra,
measured with a double-beam spectrophotometer ( Varian Cary 5), were
recorded using a 1 cm cuvette and a 600 nm /min scan rate. Absorption
spectra (using 2 $-mm NMR tube) were measured both prior to and
after RR measurements, ensuring that no degradation had taken place
under the experimental conditions used. RR spectra were measured with
excitation at 4067 nm (Kr* laser, Coherent, Innova 300C) and 4416 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
were calibrated with indene, n-pentane, and carbon tetrachloride as
standards to an accuracy of 1 am ™ for intense isolated bands.

All RR measurements were repeated several times under the same
conditions to ensure reproducibility. To improve the signal-to-noise ratio,
a number of spectra were accumulated and summed only if no spectral
differences were noted. To determine peak bandwidth and positions, a
curve-fitting program (Lab Cale; Galactic) was used to simulate the
spectrausing a mix of (50%) Gaussian and (50%) Lorentzian line shapes.
Bandwidths (full width at half-maximum ) varied as follows: 9—12 cm ™"
for the {CsC.Cy) propionyl modes, 11—12 cm™" for the 8(CoC.Cy)
vinyl modes, 1320 em " for the #{Fe—F) stretching mode.

Kinetic Measurements. Ligand binding and release were carried
out by stopped flow measurements using an Applied Photophysics
apparatus (Leatherhead, UK). Fluoride and azide binding kinetics were
measured by mizing Fe(Ill) WT or mutated proteins with increasing
concentrations of NaF or NaNj; solutions in 30 mM phosphate buffer at
pH 7.0. Protein concentrations were in the range 4—8 M, and
observation wavelengths were 404 nm for fluoride and 414 nm for
azide. Fluoride release kinetics were measured according to the ligand
displacement methods by mixing fluoride-bound proteins with 0.1 M
NaN, solutions in 50 mM phosphate buffer at pH 7.0 and monitoring
the absorbance decrease at 404 nm. Under these experimental condi-
tions, given the higher affinity and faster binding kinetics of N>~ with
respect to fluoride, the observed signal decay reflected uniquely the
contribution from the fluoride release process. Ligand binding data were
fitted to standard second-order equations, and ligand release to mono-
exponential decays by using the Matlab program (South Natick, MA).

Molecular Dynamics Simulations. The simulations were per-
formed starting from the crystal structure of WT Tf-trHb, solved at 2.48 A
resolution (PDB entry: 2BMM.pdb). The fluoride was added in the
distal site, bound to Fe with a bond distance of 1.8 A. Each simulation
was performed using WT and ASV proteins, single mutant (YB10F,
WGSE), double mutant (YCD1FE-WGSF), and triple mutant proteins
(YBIOE-YCDIE-WGSF). The system was then immersed in a box of
TIP3P watermolecules.'® The minimum distance between protein and
wall was 10 A, and all systems were simulated employing periodic
boundary conditions and Ewald sums for treating long-range electro-
static interactions.'” The shake algorithm was used to keep bonds
involving H atoms at their equilibrium length. This allowed us to employ
a 2 fs time step for the integration of Newton's equations. The parm%9
set of parameters implemented in AMBER was used to describe the
Pmtenu The charges and p for Fe(TI) h flucride were
determined by the standard procedure: partial charges were computed
using the restricted electrostatic potential {RESP) recipe and DFT
electronic structure calculations with the PBE functional and 6-31G**
basis sets (Table S1, Supporting Information ). The calculation has been
performed in the high spin state, which is known to be the ground state.
Equilibrium distance and angles, as well as force constants, were
computed using the same methods and basis set used for computed
charges. The Lennard—Jones parameters of the coordinated fluoride were
taken from parm9%9 parameters. The temperature and pressure were

gulated with the Berend h and barostat, respectively, as
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implemented in AMBER. All systems were minimized to optimize any
possible structural clashes. Subsequently, the systems were heated slowly
from 0 K to 300 K using a time step of 0.1 fs, under constant volume
conditions. Finally, a short 1 at constant of 300 K,
under constant pressure of 1 bar, was performed using a time step of 0.1 s,
to allow the systems to reach proper density. These equilibrated structures
were the starting point for 30 ns of MD simulations. All systems were
stable during the time scale of the simulations as shown by the inspection
of the root-mean-square displacements (rmsd) depicted in Figure S1,
Supporting Information.

B RESULTS

Spectroscopy. We first investigated the electronic absorption
and RR spectra (recorded with both 4067 and 441.6 nm
excitation wavelengths) of the fluoride complexes of WT and
ASV Tf-trHb, and of the combinatorial set of the distal mutants.
The UV —visible absorption spectra (Figure 1) displayed Soret
bands at 406—403 nm and Q_bands at 485—491 nm. These
features, and the high-frequency RR spectra obtained with
441.6 nm excitation (data not shown), are characteristic of six-
coordinate ( 6¢) HS forms, with fluoride coordinated as the sixth
ligand of the iron jon. In the low frequency RR spectra, the
v(Fe—F) stretching mode was assigned on the basis of its
intensity enhancement upon excitation near the CT2 band, as
shown by the comparison of the RR spectra obtained with
excitation 406.7 and 441.6 nm (Figure 1, righl).]‘r’ The spectra
of the various proteins differed in the wavelength of the CT1
band and the wavenumber of the v(Fe—F) stretching mode,
indicating a different interaction between the bound fluoride and
the distal polar residues. WT and ASV were characterized by
almost identical spectra with a CT1 maximum at 612 nm and the
v{(Fe—F) stretch at 381 crrf]J overlapping a propionyl bending
mode. The low energy of the CT1 band, together with the low
frequency of the v(Fe—F) stretch, indicates the presence of
strong H-bonding interactions between fluoride and the distal
cavity residues, consistent with the presence of multiple H-bonds
donated to the fluoride by the distal residues.”® In addition, we
assigned a band at 420 cm™" to a second v(Fe—F) stretching
mode on the basis of both CT2 excitation enhancement
(Figure 1, right) and correlation with the v(Fe—F) frequencies
of the set of mutants (see below). This band indicates the
presence of a second complex with a weakly H-bonded fluoride.
The frequencies of the two v(Fe —F) bands are identical for both
WT and ASV, and their relative intensities are very similar, as
shown by a band-fitting analysis (Figure 2).

Distal mutations affected the spectral position of both the CT1
and v(Fe—F) stretch to different extents. Among the singly
mutated variants, minor changes were observed upon mutation
of TyrB10 to Phe: an upshift by 1 nm of the CT1 band and an
increase of the ¥(Fe—F) band at 381 cm™" at the expense of the
one at 421 em™" (Figures 1 and 2). On the other hand, the
spectra of the YCD1F and WGSF mutants gave rise to spectra
which were similar to each other but different from those of
WT and ASV. The CT1 band shifted to 609 nm, and a single
v(Fe—F) band at 421 em ™' was observed. In regard to the
doubly mutated variants, YBI0F-YCDIF, in which both distal
Tyr residues are missing, and YB10F-WGSF, in which TyrB10
and TrpG8 are mutated, gave rise to similar results. The YB10F-
WGSE variant had a CT1 at 610 nm and the v(Fe—F) band at
415 cm™", while the YBI0F-YCDIF variant had a CT1 at
609 nm and the v(Fe—F) band at 419 cm ™", However, in the
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Figure 1. UV-vis (left) and resonance Raman (right) spectra of the
fluoride complexes of TEtrHb WT, ASV and the distal variants at pH 7.0
(0.1 M phosphate). Left: the region between 440 nm and 700 nm has
been expanded five-fold. Spectra have been shifted along the ordinate
axis to allow better visualization. Right: the RR spectra were taken with
excitation in resonance with the Soret (406.7 nm, black line) and with
the CT2 band (441.6 nm, blue line). Experimental conditions: 1 cm ™"
spectral resolution; 406.7 nm: 10 mW laser power at the sample, average
of ten spectra with 1800 s integration time (WT and ASV), average of
eight spectra with 1800 s integration time (YB10F), average of six
spectra with 600 s integration time (YB10F-WGSF), average of six
spectra with 650 s integration time (YB10F-YCDI1F), average of five
spectrawith 900 s integration time (YCD1E), average of ten spectra with
700 s integration time (WGSE), average of five spectra with 900 s
integration time (YCD1E-WGSE), average of twelve spectra with 400 s
integration time (YBIOF-YCDIF-WGSF); 4416 nm: 25 mW laser
power at the sample, average of six spectra with 1800 s integration time
(WT and ASV), average of six spectra with 1200 s integration time
(YBIOF), average of ten spectra with 800 s integration time (YBLOF-
WGSF), average of ten spectra with 750 s integration time (YB10F-
YCDI1E), average of nine spectra with 1000 s integration time (YCD1F),
average of twelve spectra with 900 s integration time (WGSF), average
of ten spectra with 800 s integration time (YCD1P-WGSE), average of
twenty-five spectra with 400 s integration time (YB10F-YCDIE-
WGEF). A baseline has been subtracted from all spectra.

YCD1F-WGSF mutant, where both the TyrCD1 and TrpG8
are replaced by Phe, the CT1 band further blue-shifted to
605 nm and the ¥(Fe—F) band moves up to 432 cm ™", These
values suggest the presence of a weak interaction between the
TyrB10 and the bound fluoride. Finally, the YB10F-YCDIF-
WGSF triply mutated variant was not fully bound with fluoride
at 0.2 M concentration, being a mixture of two 6¢HS forms, an
aquo 6cHS heme (CT1 at 632 nm) and a 6¢cHS fluoride
complex. This latter form showed a CT1 band at 602 nm and
a Raman band at 471 cm™" which, being enhanced upon
441.6 nm excitation, is assigned to the ¥(Fe—F) stretch.
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Figure 2. RR spectra in the 360—490 cm™! region with the corresponding band-fitting analysis. Experimental conditions: see Fi 1. The #{Fe—F)

‘igure
bands are indicated in bold The table reports the assignment of the bands with their frequency and bandwidth (in brackets) as obtained by the band-
fitting analysis.

Table 1 reports the CT1 band maxima together with the

frequencies of the v(Fe—F) and the »(C=C) stretching modes
(see below) for the proteins under investigation. The data for
sperm whale myoglobin (swMb), horse heart myoglobin (hhMb),
dehaloperoxidase (DHP), and horseradish peroxidase isoenzyme
C (HRPC) are also included for comparison.

Fluoride Binding and Release Kinetics. Ligand binding
kinetics, measured in stopped flow experiments, revealed slight
differences in the second-order binding rates among the different

20973

mutated proteins. As reported in Table 2, fluoride binding
proceeded at rates between 4 and 8 mM ™" s, whereas azide
binding rates were about 80-fold higher. In turn, 200-fold
differences were observed in the rates of fluoride release among
the different mutants, the WT protein being the slowest
(1257") and YBIOF-YCD1F-WGSF being the fastest (242 s™").
Azide dissociation constants could not be measured directly
and were calculated from the ratio between the second-order
ligand binding rates and the measured thermodynamic constants
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Table 1. CT1 Band Maxima ( expressed in nm and em™ ") Together with the Wavenumbers of the v(Fe— F) and the Vinyl Group

»(C=C) Stretching Modes for the Proteins under Investigation®

protein CT1 (nm) CT1 (em ')
YBIOE-YCDIF-WGSF 602 16611
DHP! 605 16529
YCDIF-WGSF 605 16529
hhMb (pH 7.0)° 607 16475
swiMb (pH 7.0)¢ 607 16475
WGSF 609 16420
YCDIF 609 16420
YBIOE-YCDIF 609 16420
hhMb (pH 52)° 609 16420
swMb (pH 52)° 609 16420
YBIOE-WGSF 610 16393
HRPC 611 16367
WT 612 16340
ASV 612 16340
YBIOF 613 16313

¥(Fe—F)" (em ) #(C=C) (am ")
471 1626
462 16205, 1632w
42 1626
460 1620
462 1620
21 1627
421 1627
419 1628
411 1620
410 1620
415 1626
385 1621w, 1631s
420 (54%); 381 (46%) 1628
420 (53%); 381 (47%) 1628
411 (32%); 381 (68%) 1627

“The data for sperm whale myoglobin (swMb), horse heart myoglobin (hhMb), dehaloperoxidase (DHP), and horseradish peroxidase isoenzyme C

(HRPC) are also included for co

brackets. © Refe 15 and 32. “ Ref 39

arison. * The relative percentage of the two ¥(Fe—F) conformers, as found by the curve-fitting analysis, is reported in

Table 2. Fluoride Binding and Dissociation Kinetics for
Tf-trHb and Its Distal Side Mutants”

protein ke (F7), mM s ko (F )5
ASV 64 06 124008
WT 65 04 17 & 007
YBI10F 85403 29+ 011
YCDIF 42406 9012
WGSF 45£05 302 026
YBIOF-YCDIF 60 %05 # £ 009
YBI10F- WGSF 54£03 106 & 035
YCDIF-WGSE 66 0.4 174 125
YB10F- YCD1E-WGEF 76+ 0.4 242 % 1275

“ All experiments were carried outin 50 mM phosphate buffer at pH 7.0
at 25 °C. Ligand dissociation rates were obtained by fluoride displace-
ment with 0.1 M sodium azide.

(see Table §2, Supporting Information ). Azide release rates were
found to follow the same trend as the fluoride release rates,
although the overall effect of the mutations was slightly damped
with respect to fluoride.

Computer Simulations. To obtain the charge distribution of
the active site, we performed DFT electronic structure calcula-
tions using the PBE functional and the 6-31G™ basis set of a
model system composed of fluoride coordinated to an isolated
Fe(III) heme with imidazole as the sixth ligand. The calculations
were performed on the HS state as identified by the spectro-
scopic nts. In ag t with the experimental
results, the optimized Fe—F bond distance was found to be
~1.8 A and the coordinated fluoride exhibited a negative charge
(partial charge of —0,36 &~ ), highlighting that positive residues
should stabilize the coordinated fluoride, similar to the results
found for the heme-bound 0,

Classical molecular dynamics (MD) simulations of Fe(III)
TftrHb with coordinated fluoride were then performed to shed
light on the nature of the H-bond network stabilizing the

20974

coordinated fluoride, as suggested by the spectroscopy data.
No significant structural differences were found in the active site
environment during the time scale of the simulation between WT
and ASV (Figure 3A and S2), confirming that Phe107 and Arg91
mutations 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 WGS and
the hydroxylic hydrogen of the YCD1, while the TyrB10 residue
is not involved (Figure 3A). The same result was found for the
YB10F mutant (Figure 3B), indicating that the YB10 residue has
a minor role in the stabilization of the coordinated fluoride.
Accordingly, when TrpG8 is replaced by Phe, the YCD1 residue
mainly stabilizes the coordinated fluoride, while the YBI0 is not
able to form a strong H-bond with the ligand (Figure 3C).
However, the hydroxylic hydrogen of the YB10 residue is able to
interact with the coordinated fluoride when both WGS and
YCD1 are absent, as revealed for the YCD1E-WGSF double
mutant (Figure 3D).

The triple mutant YB10F-YCD1F-WGSF was able to accom-
meodate two water molecules in the active site (Figure 4 , upper
panel). To characterize the internal water interactions, we
evaluated the radial distribution function g(r} for the O atom
of water molecules, centered in the coordinated fluoride for the
last 25 ns of the simulation. The integration of the g(r) function
confirmed the presence of two water molecules around the F~
anion (Figure 4, lower pane]). The profiles shows a clear peak at
2.75 A, indicating the presence of water molecules interacting
strongly with the coordinated fluoride.

M DISCUSSION

Distal Cavity Interactions. Fluoride is a common ligand for
heme proteins in the Fe(llI) state. It is not known as a
physiological ligand, and only recently has it been reported that
it can modulate the reactivity of a heme ])rcllein.23 Nevertheless,
fluoride complexes of heme proteins as model systems have been
actively researched with optical and magnetic methods during
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Figure 3. Time evolution of selected distances of TitrHb. (A) WT protein; (B) YBIOF mutant; (C) WGSF mutant; (D) YCD1F-WGSF mutant.
(Black) Distances between fluoride and indole N praton of the WiGS; (red) distances between fluoride and hydroxylic hydrogen of the YCD1; (green)
distances between fluoride and hydroxylic hydrogen of the YB10; (blue) distances between indole N proton of the WGS and the hydroxylic oxygen of the
YCD1; (gray) distances between hydroxylic hydrogen of the YCD1 and the hydroxylic oxygen of the YB10.

recent decades. Fluoride is a weak-field ligand; therefore, it binds
heme proteins, giving rise to 6cHS complexes, characterized bya
strong Soret band with maxima between 404 and 406 nm and a
weaker Q-band at 490 nm.*~* In addition, ligand-to-metal
charge transfer transitions between 607 and 617 nm [CT1 due
to a;u(n)—‘es(d") transition, with xy pu]a.r'n.ation] and bet-
ween 450 and 460 nm [CT2 due to az,,(n)—‘als(dgz) with
z-polarization] are observed. ™ The v(Fe—F) stretching mode is
intensified in the Raman spectra obtained in resonance with
either the CT1 or the CT2 band. 152429731 Elyaride builds four
sp hybnd orbitals and cunrdmates to the heme iron via 0- and 71~
hundmg An (lone pa.u] sp hybrid orbital forms a & bond with
the clz Fe orbital. In this case the d, metal orbitals (d,, d,., dy d,,)
do not interact with the ligand orbitals and remain as nunbcmd-
ing orbitals centered on the metal. Fluoride is also capable of -
bonding, acting as a -donor., In this case the occupied ligand
orbitals are lower in energy than the d, metal orbitals which
become " and are shifted to higher energy.

‘We have recently shown'® that the spectroscopic properties of
the fluoride complexes provide a simple and direct method to
monitor the interactions of the distal heme pocket environment
with the iron-bound ligand. In particular, we have demonstrated a
strong correl between the length of the CT1 band and
the strength of H-bonding donation from the distal amino acid
side chains to the fluoride ion. In fact, the CT1 maximum
wavelength is a sensitive probe of axial ligand polarity and of
its interaction with the distal protein residues. It red-shifts when
the m-donor capability of the axial ligands decreases, or when the
ligand acts as a H-bond acceptor, because the destabilizing
interaction between the 7 orbitals of the ligand and the iron dy
orbitals is reduced in these cases.”™ In parallel, RR spectra with
excitation within the CT2 band (450—460 nm) have revealed

that the ¥(Fe—F) stretching frequency is directly affected by
H-bonding to the fluoride ion. This is mainly due to the
reduction of the Fe—F bond strength in H-bonded complexes,
as a consequence of a decreased electron density on fluoride,
Alow v(Fe—F) stretching frequency has been shown to correlate
with a red-shifted CT1 band in the complexes where fluoride is
strongly H-bonded to distal pocket residues, We found that WT'
and ASV TfarHb are characterized by a »(Fe—F) band at
381 em™" together with a CT1 at 612 nm, similar to the
spectroscopic signature of a peroxidase, in agreement with the
presence of strong H-bonding residues. The present results show
that the distal mutations markedly affect the spectroscopic
markers of the fluoride adducts, In particular, because in the
absence of either TrpG8 or TyrCD1, the v(Fe—F) band shifts
from 381 cm™" to higher frequency, with a concomitant blue-
shift of the CT1 band, we clearly demonstrate that the v{Fe—F)
band at 381 cm ™" 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. Interestingly,
inthe presence of TrpG# and TyrCD1, TyrB10 does not interact
with the ligand. In contrast, its absence favors a strengthening of
the H-bond, as observed in the single YB10F and in the double
YBIOF-WGSF and YB10-YCD1 mutants, TyrB10 is able to
weakly interact with fluoride only when H-bond interactions
with both TrpG8 and TyrCD1 are missing, i.e, in the YCDI1F-
WGSF double mutant. Accordingly, MD simulations revealed
that in the WGSF mutant only the TyrCD1 residue stabilizes the
coordinated fluoride, and the TyrB10 residue is not able to form a
H-bond with the ligand. However, in the double mutant YCD1F-
WGSF, the TyrB10 residue is now able to interact with the
coordinated fluoride.
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Figure 4. MD simulation obtained for the YB10F-YCDI1F-WGSF
Ti4rHb triple mutant, Upper panel: Representative snapshot of the
active site. Heme group ( yellow) with coordinated F~ (orange), relevant
residues (cyan), and water molecules inside the active site are depicted.
Lower panel: Radial distribution function g(r) plot for the O atom of
water molecules, centered in the coordinated fluoride (black). The

grated function, which indi the total number of water molecules
around fluoride, is depicted in red.

Asecond form of the fluoride complex, which is characterized
byav(Fe—F) band at 420 cm ", has been found in both the WT
and ASV RR spectra. This heterogeneity can be compared with
previous results obtained for the fluoride complexes of globins.
Xeray diffraction of fluoride-bound hemoglobin indicated an
equilibdum between two species, with and without H-bonding

S04
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Figure 5. Correlation between the 1{Fe—F) wavenumbers {Table 1)

and the dissodation kinetics constant (Table 2). The dashed lines
separate groupings of triple, double, and single mutants.

stabilizes the coordinated fluoride ion.* Therefore, protonation
of the distal His can occur at acid pH. In the case of WT and ASV
TftrHb, no spectroscopic changes are observed in the spectra
between pH 5.5 and 85 (data not shown). We assign the
v(Fe—F) band at 420 em™' 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 WGS or
YCD1 residues have been replaced by Phe (Table 1), However,
within the time scale of the simulation, only one conformation
has been sampled by MD simulations in WT, ASV, and YBIOF
Tf-trHb, exhibiting stable H-bonds with both WGS and YCD1.
The absence of the second conformation detected in the RR
experiments is probably due to limitations of the classical MD
approach employed.

An interesting result is provided by the triple mutant that
shows a reduced affinity for fluoride. The spectra of the fluoride-
bound YBI0F-YCD1F-WGSF mutant display the highest energy
CT1 band in the Tf-rHb mutant series (i, at 603 nm) together
with the highest ¥(Fe—F) stretch at 471 cm™". Nevertheless, the
heme environment, where fluoride is surrounded by three Phe
residues, does not appear to be apolar as would be expected. MD
simulations clearly indicate that two water molecules interacting
with the coordinated fluoride ion are accommodated into the
active site. These data resemble closely those of the swMb-F
adduct (607 nm and 462 cm '), whose anionic ligand is
H-bonded to the distal His64 (274 A) and a water molecule
(2.71 A), deeply buried in the distal side of the heme cavity.”*

In general, the Fe—F stretching frequencies and the MD

imulations are consistent with the dissocation kinetic rate

between the anion and a water molecule®® Accordi gly, RR
spectra displayed two v(Fe— F) stretches at 443 and 471 em™L¥
Two pH-dependent forms were found for fluoride-bound
myoglobin. The strong band observed at about 460 em ! at
pH 7.0 decreased in intensity at pH 5.2, with the con-
comitant growth of anew band at about 410 em™'."® Furthermore,
the downshift of the ¥(Fe—F) stretching mode was accompanied
by a 2 nm red shift of the CT2 band (from 607 to 609 nm).*
These pH-dependent spectral variations were interpreted as due
to changes in the iron —fluoride bond distance and, or change in
the H-bonds involving the ligand, a water molecule, and the distal
His.* The X-ray structure of the fluoride complex of swMb at pH
7.0 indicated that fluoride is H-bonded to the distal Hisé4 and to
a water molecule which, interacting also with the distal His,

constants, because the fluoride complexes of the mutants with
multiple H-bonding interactions exhibit 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. An exponential correlation between the rate of
ligand release and the overall fluoride binding energy would be
expected if the Fe—F bond is the only determinant of the ligand
dissociation pmcess_g Analysis of the data reported in Table 2 and
plotted in Figure 5 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 (see Figure 5). It is noteworthy that
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Table 3. Comparison between the Spectroscopic Data Obtained for the CO® and Fluoride® Complexes of TftrHb, hhMb, swMb,
DHP, and HRPC Together with the Proposed Distal H-Bond Interactions with the Exogenous Ligand

protein ¥(Fe—CO) (em ) »(CO) (em ) Hbond interaction v(Fe—F) (eam ™) H-bond interaction

YBIOE-YCD IF-WGEF 94 1955 - 471 H O
YCDIF-WGSF 488 1967 -

498 1952 YB1O 432 YB1O
WGSE 1 1962 -

97 1942 YCDI1 421 YCDI1
YCDIF 505 1943 WGS 421 WGs
YBIOE-YCDIF sl 1931 wGs 419 wGes
YBIOE-WGSF 3 1966 -

511 1936 YCD1 415 YCD1
YBIOF 507 1942 wGs 421 WG8

522 1926 WGS YCD1 381 WG8 YCD1
ASV TEHb 509 1938 WGS 420 wGes

518 1920 wGs YCDI1 361 WG8 YCDI1
WT TEuHb 09 1938 WGS 420 WGs

518 1920 wGs ¥CDI1 381 wGes ¥CDI1
HRPC 516 1933 H42

539 1904 R38 Haz 385 R38 H,0
swMb pH 7.0 507 1947 Hé4 462 Hé4 H,0
hiMb pH 7.0 509 1944 H64 460 He4 H,0
swib pHS.1 sos H64
swhdb pH 5.4° 399 410 He4+™ H,0
swhvib pH 39 41 He4"
DHP pH 7.0 500 1950 HSS 462 HSS H0

“The data of the CO adducts have been taken from the following: Tf-trHb and its mutants; ™ HRPC;** swMb pH 7.0;*' hhMb pH 7.0;* swhb pH 5.1
and pH 3-9;47 DHP.Y " References 15 and 39. ° Reference 24. e appears that the pK for H64 protonation is higher in the fluoride complex than in the

CO complex.

the YBIOF mutants (YB10F, YB10F-WGSE, YBIOE-YCDIF,
and YB10F-YCD1F-WGSF) display a consistent increase in the
kinetics of ligand release with respect to the YB10-containing
mutants (YCD1F, WGSF, YCD1F-WGSF), indicating that this
residue, though not preminently involved in fluoride ligand
hydrogen bonding, is still capable of influencing the ligand
release process.

The effects on the dissociation kinetics upon distal mutation
maybe more complex than the effects on the Fe—F stretching
vibrational frequency. In fact, the latter is related to the
Hfbonding(s) involving fluoride, whereas the barriers fluoride
has to overcome in the whole dissociation pathway will be related
to H-bond breaking and, additionally, to the presence of diverse
migration paths within the protein matrix. For instance, the fact
that dissociation from the single TrpG8—Phe mutant is faster
than that from the single TyrCD1—Phe mutant could be
interpreted on the basis of the hindrance of the Trp side chain.
A detailed interpretation, though, would be speculative at the
present stage. Moreover, the presence of two conformers could
complicate the picture. In principle, two different rates should be
observed, although a single rate is observed if the conformers
interconvert rapidly (see, e.g, refs 35 and 36).

Comparison with CO Complexes. Table 3 compares the
spectroscopic data for the complexes of Tf-TrHb, hhMb, DHP,
and HRPC with CO and fluoride, together with the proposed
distal H-bonds involving the ligands."***" ™" 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, and by variations in the donor

20977

strength of the trans ligand ' The electrostatic field generated by
the polar distal pocket amino acids altersthe electron distribution
in the FeCO unit, changing the order of the C—0 bond. A
positively charged electrostatic field favors back-donation, which
strengthens the Fe—C bond and correspondingly weakens the
C—0 bond, thereby increasing the v(FeC ) vibrational frequency
and decreasing the ¥(CO) frequency, readily detectable in
infrared and RR. spectra. A linear correlation with negative slope
between the frequencies of the v(FeC) and v(CO) stretching
modes has been found for alarge class of CO complexes of heme
proteins, including bacterial trHb's, and heme model compounds
containing imidazole as the fifth iron ]iynd.q’“ The v(FeC)/
»(CO) position along the correlation line reflects the type and
strength of distal polar interactions. "

Two conformers were observed in the spectra of the CO
complexes of both WT and ASV TftrHb: form 1 with ¥(FeC)
and »(CO) at 509 and 1938 cm™ " and form 2 with »{FeC) and
v(CO) at 518 and 1920 cm™", respectively. 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."
The present results suggest that the two fluoride conformers in
the WT and ASV proteins are stabilized in a similar manner.

When the effects of the mutations are considered, it can be seen
that the data obtained from CO complexes and those obtained
from fluoride complexes (Table 3) follow a common trend,
although the corresponding complexes cannot be placed in the
same order. In fact, it is expected that Trp and Tyr mutation to Phe
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Figure 6. Empirical correlation plot between the ¥(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, WGEF, YB10F-WGSF, YB10F-YCDIF, YCD1F-
WGEF, YB10F-YCD1F-WGSF, HRPC, DHP, hhMb pH 7.0, hhMb pH 5.2. Experimental data are reported in Tables 1 and 3. The lines represent two
different least-squares fits for the experimental data of WT Tf-trHb and the combinatorial set of mutants, namely, considering only the strongly
H-bonded forms of WT, ASV, and YB10F with »(Fe—F) stretch at 381 cm ~'(left) and both conformers (right).

decreases both the back-bonding in the CO complexes and the
H-bonding interactions in the fluoride complexes. However, the
single mutants YCD1F and WGSF, which share very similar CT1
maximum wavelengths and v(Fe—F) stretching frequencies in
their fluoride complexes, display very different vibrational frequen-
cies of the FeCO unit. Another divergent mutant is the triple
YB10-YCD1-WGSF, which displays the highest v(Fe—F) stretch-
ing frequency but an intermediate back-bonding in the CO
complex. There are several possible explanations for these differ-
ences, Clearly, back-bondingin the CO complexes depends on all
kinds of polar interactions with the neighboring amino acicl.s}“2
whereas H-bonding is the only effective stabilization for the heme-
bound fluoride. Moreover, it should be considered that the two
types of complexes have different chemical properties, namely (i)
carbon monoxide is neutral (and almost apolar), whereas fluoride
retains a negative charge, and (i) H-bonding to CO is directional,
whereas there is nodirectionality in F—~ HX bonding because of the
spherical symmetry of fluoride,

CT1 Energy/v(Fe—F) Wavenumber Correlation. In an at-
tempt to find an empirical correlation between the v{Fe—F)
wavenumbers and the CT1 transition energy, we have plotted
our experimental data for all the TftrHb fluoride complexes
together with the available literature data (Figure 6, left). The
data are fitted well by a straight line with positive slope. The
(CT1)/v(Fe—F) 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 YB10E
conformer (¥(Fe—F) at 381 cm™ '), are located at the extreme
left side. In fact, H-bonding decreases both the w(Fe— F)
stretching frequency and the energy of the e!(dx) orbitals,
thereby lowering the energy of the am(ﬂ)—'e!(d") CT1 transi-
tion. At the other extreme of the line, fluoride complexes with
very weak H-bond interactions are found, like that of the YB10F-
YCDI1F-WGSF mutant. Unlike the points for the 381 cm ™’
conformer, those for the second conformer of WT, ASV Tf-trHb,
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and YBIOF (¥(Fe—F) at 420—421 cm ') fall off the line
(Figure 6, right). In fact, the presence of two conformers should
giverise to two CT 1 absorption bands. Based on the CT1 energy
measured for WGSE, YCDI1F, and YCDIE-YBI0F mutants
which show only the second conformer, the expected energy
difference between the two conformers is about 200 cm™ .
Because the CT1 band is relatively weak and broad, in practice
we observe a single maximum. Therefore, given the imp ossibility
to single out two different CT1 bands for WT, ASV, and YB10F,
we correlate the two different Raman Fe—F stretches with the
same energy value, As a consequence for the proteins with
multiple conformers, some points are off the line.

Some deviations from this linear correlation can be expected as
a consequence of different vinyl/heme conjugation. In general,
the absorption maxima of the heme prosthetic group, including
the Soret, Q, and CT1 bands, are related not only to the
coordination,/spin state of the heme but also to the degree of
conjugation between the heme group and its two vinyl substit-
uents, which can cause up to 10 nm red-shift of the electronic
transitions. In heme proteins, the vinyl groups are found to give
rise to ¥(C=C) polarized Raman bands between 1620 and
1635 em " A direct relationship between the ¥(C=C)
stretching wavenumbers and the orientations of the vinyl groups,
as induced by specific protein interactions, clearly showed that a
lower frequency corresponds to a higher degree of conjugation
between the C=C vinyl group and the porphyrin 7 system.™
Increased conjugation from the vinyl groups shifts the energy
not only of the s—* transition but also of the a,,(7)—
esg‘c‘lﬁ)qégrl) to lower energy, thus shifting the maxima to the

The RR spectra of Tf-trHb fluoride complexes are character-
ized by two overlapping ¥(C=C) bands at 1628 cm ™", corre-
sponding to vinyl groups with a low degree of conjugation with
the heme. Mutations do not change the orientation of the vinyl
group and, therefore, do not affect their conjugation, because the
maximum frequency change of the »(C=C) stretches in the
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TftrHb mutant series is 2 cm ' (Table 1). Therefore, the
observed changes of the CT1 maxima are solely due to different
H-bonding interactions. In contrast, when the fluoride adducts of
Mb, HRPC, and DHP are compared, the effect of the +(C=C)
conjugation on the energy of the CT1 band must be taken into
account. Mb-F is characterized by a higher degree of conjugation
between the vinyl group and the porphyrin 7 system, as
suggested the presence of two overlapping #(C=C) at
1621 em "™ As a consequence, the CT1 band is at a lower
energy compared to those of the Tf-trHb-F adducts. Less
deviation from the line based on the Tf-trHb-F adducts is found
for DHP, because a second weak vinyl mode is found at
1630 cm™"*° Finally, the CT1 of the HRPC-F adduct is found
at aenergy higher than that of the Tf-trHb-F adducts. In fact, two
vinyl stretches have been observed, as the band with a very low
degree of conjugation between the vinyl gn:n;g and the porphyrin
7 system (1631 em™") is the most intense.

B CONCLUSION

The present results can be considered as a unique data set,
because they have been obtained for a complete group of mutants
where the three key amino acids of Tf-ttHb (WGS, YCDI,
YB10) are progressively substituted with the non-hydrogen
bonding phenylalanine, The spectroscopic characterization of
the fluoride complexes has unveiled a well-defined correlation
between v(Fe—F) vibrational frequencies and CT1 electronic
transition energies. The validity of this correlation is confirmed
by its being applicable to literature data, including important
model proteins such as myoglobin and horseradish peroxidase.
This indicates its general usefulness as an additional method to
investigate relevant properties of the active site of heme proteins,
For the case of Tf-trHb, we have obtained a detailed picture of
H-bonding in the distal cavity environment. The interpretation
of the spectroscopic data is strengthened by the close relation
with the observed fluoride dissociation kinetics and molecular
dynamics simulations. All the techniques yield evidence that
TrpG8 and TyrCD1 can form strong H bonds with fluoride,
whereas TyrB10 can only interact weakly.

M ASSOCIATED CONTENT

© Ssupporting Information. Plot of rmsd vs time of MD
simulation for the complexes between fluoride and WT Tf-trHb,
YB10F, WGSF, YCD1F-WGSF, YB10F-YCDIF-WGSF mu-
tants; time evolution of selected distances between distal residues
of ASV Tf-trHb. The distances are defined as those between the
coordinated fluoride and the following distal site atoms: indole N
proton of the WGS, hydroxylic hydrogen of the YCD1, and the
hydroxylic hydrogen ofthe YB10. Charges of selected atoms used
in the simulation are given in Table S1. Kinetics of azide binding
and release are given in Table 52. Azide release kinetics was
calculated from the product of the measured thermodynamic and
kinetic ligand binding data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Carbon monoxide recombination dynamics upon photodissodation with visible light has been characterized by
means of ultrafast visible-pump /MidIR. probe spectroscopy for the truncated hemoglobins from Thermobifida fusca and Bacillus
subtilis. Photodissociation has been induced by exciting the sample at two different wavelengths: 400 nm, corresponding to the
heme absorption in the B-band, and 550 nm, in the Q-bands. The bleached iron—CO coordination band located at 1850—1950
cm™! and the free CO absorption band in the region 2050—2200 cm™' have been observed by probe pulses tuned in the
appropriate infrared region. The kinetic traces measured at 1850~1950 cm™ reveal multiexponential subnanosecond dynamics
that have been interpreted as arising from fast geminate recombination of the photolyzed CO. A compared analysis of the crystal
structure of the two proteins reveals a similar structure of their distal heme podket, which contains conserved polar and aromatic
amino add residues closely interacting with the iron ligand. Although fast geminate recombination is observed in both proteins,
several kinetic differences can be evidenced, which can be interpreted in terms of a different structural flexibility of the
corresponding heme distal pockets. The analysis of the free CO band-shape and of its dynamic evolution brings out novel
features about the nature of the docking site inside the protein cavity.

M INTRODUCTION

Truncated hemoglobins (trHbs) are a family of small oxygen
binding proteins widely distributed among bacteria, plants, and
pruicrz,ua_u They are characterized by a high structural
varability of the heme pocket residues, suggesting diverse

residue on the bottom of the heme distal pocket (G8
position)." The resolution of the aystal structure of a number
of group Il truncated hemoglobins has revealed a common
general pattern of the heme pocket, characterized by an
ensemble of polar residues capable of forming hydrogen bonds
with the iron-bound ligand, usually defined as “ligand indusive
hydrogen bonding network” (see Figure 1). It has been
suggested that TrpG8 plays an important role in ligand binding
and stabilization, though other amino acids in topological
positions E7, E11, CD1, and B10 can modify drastically the

functions, possibly related to the physiological response in the
defense from oxygen reactive species and in the presence of
other bimolecular ligands such as NO or CO. On the basis of
the nature of the amino add residues in key topological
positions within the distal heme pocket, trHbs are usually
divided into three groups, each presenting a certain number of
conserved residues. Truncated hemoglobins from Thermobifida
fusca (TftrHb) and Bacillus subtilis (Bs-trHb) both belong to
group LI, which is characterized by the presence of a Trp
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Figure 1. Close-up view of the active sites in Thermobifida fusca and Bacillus substilis d globins. The key topological positions in

contact with the iron bound ligand (E11, B9, B10, CD1, and G8) are shown for both proteins. Conserved residues in both proteins are colored
magenta. Nonconserved amino acids are in red (TEtrHb) or in cyan (Bs-trHb). Pictures generated with PyMol (Delano Scientific LLC).

interaction network.’ ™ The structure and sequence analysis of
group 1l trHbs shows that the nature of the residue at position
CDI1 is correlated with the nature of the site E11. When the
protein has a Tyr at CD1, a nonpolar residue is found at E11; in
contrast, when a non-hydrogen bond donor replaces the
TyrCD1, a hydrogen bond donor is present at the E11 site.
TyrB10 and TrpG8 are instead invariant residues.®” The crystal
structure of both Tf-trHb® and Bs-trHb® has been resolved,
confirming a high degree of similarity among these two
proteins. In the case of TfarHb, the heme distal pocket
involves, beside TrpG8, two Tyr residues, TyrB10 and
TyrCD1, which are in close proximity with the iron-bound
ligand. In Bs-trHb, the more closely ligand interacting residues
besides TrpG8 are TyrB10 and GInELL

Given the high sensitivity of the 1{CO) stretching vibration
of the hemoglobin-CO adduct to the electric hield generated by
the protein environment, Resonance Raman and FTIR spectra
have been used to probe the local structural characteristics of
the heme binding pocket for the heme-bound CO state of both
TftrHb and Bs-trHb. It has been found that each of these two
proteins can adopt two different conformations, differing by the
number of hydrogen bonds formed with the iron-coordinated
coen

In the case of TfrHb, the comparison of the FTIR spectra
of the wild type protein and of a series of combinatorial
mutants in which TrpG8, TyrCD1, and TyrB10 have been
changed into Phe, revealed that in one conformation both
TrpG8 and TyrCD1 are hydrogen bonded to the iron-
coordinated CO, while in the other conformer only the H-
bond with TrpG8 is maintained. The FTIR spectrum of the CO
adduct of the wild type protein showed two bands attributable
to the ¢(CO) stretching vibration, located at 1920 and 1940
em™, respectively. These features have been asaibed to the
presence of two conformers in which the iron coordinated CO
is either doubly H-bonded to both TrpG8 and Tyr(CD1 or
singly bonded only to TrpG8, respedive]y.m

Very similar structural characteristics are observed also for
Bs-trHb. In the latter protein, the FTIR spectrum of the CO
adduct also shows two bands assigned to the v(CO) stretching
vibration: one extremely downshifted, at 1888 cm™, and the
other at 1925 cm™". The spectra have been interpreted along
the same line as in TftrHb, that is, by assuming the presence of
a doubly H-bonded species in which TrpG8 and TyrB10 are

hydrogen bonded to the iron coordinated CO, and a singly H-
bonded adduct in which TrpG8 is the sole H-bonding residue.
The extreme downshift of the ¢{CO) stretching vibration at
1888 cm™! indicated a highly polar environment around the
bound CO, in which the double H-bond dominates the ligand
dissociation and rebinding dynamics properties of Bs-trHb.?
The sizably lower frequency of the 1(CO) stretching band in
Bs-trHb, as compared to TftrHb, can be a consequence of a
more favorable orientation of the coordinating residues toward
the ligand. Such sterically favorable conformation is suggested
to generate a stronger H-bonding interaction and consequently
a higher degree of electron back-donation toward the iron. This
finding may account for the 1 order of magnitude higher
oxygen affinity in Bs-trHb with respect to TftrHb despite the
similar structural characteristics of the distal heme pockets in
the two proleins.”

The structural features of the heme distal pocket are known
to govern the dynamics of ligand escape and recombination in
globins. Recombination dynamics can vary substantially,
spanning from the millisecond time scale of myoglobin and
hemog]ubinu‘ * to the subnanosecond time scale observed for
instance in the oxygen sensory protein Fixl.'*™ In Bs-trHb
CO recombination dynamics has been studied by transient
visible absorption spectroscopy, revealing the existence of a
very fast geminate recombination dynamics with a time
constant of about 770 Ps.'3 The occumence of fast geminate
recombination suggests that the ligand is confined within the
distal pocket with little possibility for the CO molecule to
escape from the protein matrix to the solvent.

To capture further details on the way such proteins operate
we analyzed the CO escape and rebinding processes after
dissociation induced by a short laser pulse by applying visible-
pump MidIR-probe spectroscopy in both Bs-trHb and TftrHb.
The combination of the high temporal resolution given by
short laser pulses with the structural information achieved by
the infrared probe, provides unique pieces of information on
the microscopic environments experienced by the ligand
molecule after photodetachment, unattainable by UV-—vis
probe pulses. This technique has been widely applied in the
past to study carbon monoxide recombination dynamics in a
number of similar systems, such as myoglobin, hemoglobin, and
the oxygen sensory protein FixL."* "7 In the present study, the
comparison between two proteins investigated in further details
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provides insight on the factors influencing the amount and the
dynamics of geminate recombination and on the microscopic
environment determining the impaired escape of the ligand

after photolysis.

M MATERIAL AND METHODS

Protein Expression and Purification-Sample Prepara-
tion. Bacillus subtilis and Thermobifida fusca hemoglobins were
obtained and purified as described previuus.]y.s*g In addition, Tf-
trHb was successfully obtained as a lyophilized sample.

Protein solution for vis-pump MidIR-probe measurements
were prepared by dissolving the samples in a Tris-HCI buffer,
02 M, in D,0 (pD = 8). In the case of TftrHb, a 10 mM
solution was prepared by dissolving a lyophilized protein
preparation in the buffer, while for Bs-trHb, solutions at 4 mM
concentration were obtained by microcentrifugation with
Millipore ultracon filters. The 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), was gurgled at low flux intensity, and the sealed
protein solution was saturated with 1 atm CO for 15 min. In
this way CO is homogeneously distributed despite the high
viscosity of the sample. Samples for transient infrared
measurements were prepared by squeezing about 40 uL of
solution between two calcum fluoride windows (3 mm
thickness) separated by a 50 um Teflon spacer (in the case
of Bs-trHb, a 100 um spacer was used). The OD at the
exdtation wavelength was about 0.8 for all samples.

Visible-Pump/MidIR-Probe Spectroscopy. Measure-
ments were performed probing both the absorption region of
the #(CO) stretching vibration of the iron-bound CO (1880—
1990 cm™' for Tf.arHb and 1825—1975 for Bs-trHb) and the
dissociated free CO absorption (2030-2230 cm™). CO
dissociation was induced by pumping the systems either with
a 400 or a 550 nm laser pulse. The experimental setup for the
infrared differential absorption measurements has been
described in detail in ref 20. Briefly, a Ti:sapphire oscillator/
regenerative amplifier, operating at 1 kHz, (Legend, Coherent)
was used to pump a home-built optical parametric generator
and amplifier with difference frequency generation, which
produced a tunable output (2.5—10 ym) with a spectral width
of ~200 em™. The output of a HgCdTe camera system, placed
behind a spectrograph, was read out every shot at a repetition
rate of 1 kHz and a sampling resolution either of 3 or 6 cm™.
In case of the blue excitation, another part of the Legend output
was frequency doubled in a BBO crystal to generate the pump-
pulses at 400 nm (~6 nm fwhm) which were attenuated to
provide 200—3500 n] and focused to a spot of ~150 ym in
diameter. Excitation pulses at 550 nm (energy = 200 n]) were
obtained by sum frequency generation of the idler output of a
commercial optical parametric generator (TOPAS, Light
Conversion) with a portion of the fundamental output at 800
nm. A moveable delay line made it possible to increase the
time-of-arrival-difference of the pump and probe beams up to
1.8 ns. The pump beam polarization was set to magic angle
with respect to the probe beam by rotating a 4/2 plate.
Furthermore anisotropy measurements were executed by
setting the pump beam polarization either at 0 or 90 degrees
with respect to the probe beam. The sample was moved with a
home-built scanner to refresh the solution and avoid photo-
degradation. Home-written software was used to collect the
data over the two different spectral windows, respectively,
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between 1880 and 1975 em™' and 2030-2230 an™". Every
window was recorded with a freshly prepared sample 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 were collected and averaged. The
integrity of the sample has been chedked by FTIR (Bruker
Alpha-T) and visible absorption (Perkin-Elmer LAMBDA 950)
before and after the time-resolved measurements.

Data Analysis. For the quantitative analysis of the time-
resolved spectral data we used a combined approach, consisting
of singular values decomposition (SVD) and the simultaneous
fitting of all the collected kinetic traces (global analysis). To
avoid the contribution due to 1Rerl'u.ﬂ:»ecl free induction decay
and cross-phase modulation, 2 we excluded from our
analysis the spectra measured for delays shorter than 500 fs.
First, we extrapolated the number of components using
SVD; 7% then we analyzed the whole ensemble of kinetic
data by means of a global fitting procedure. The combination of
global analysis and SVD is a very helpful analysis protocol, as it
provides a good control on the number of components used to
fit the dara.”®™* The time constants resulting from the fitting
of the right singular vectors were used as the starting point for
the subsequent global analysis. The aim of global analysis is to
decompose the two-way data matrix into time-independent
spectra and wavelength-independent kinetics. ™ Once the
number of components has been identified, the second step
involves the parametrzation of the time evolution of the
relative intensities of the spectral components. This was
accomplished by assuming a first-order kinetics, describing
the overall temporal evolution as the sum or combination of
exponential functions. Global analysis was performed using the
GLOTARAN package (http://glotaran.org).*** "% We em-
ployed a linear unidirectional “sequential” model. The solution
for the system of differential equations for the “sequential”
model with increasing lifetimes is

I
a(t) = 3 by expl(—kg)
=1

-1 !
by = [T kT (k= )
¢ft) represent the temporal evolution of the selected
component, k) is the decay rate of component j and the
amplitudes by of the exponential decays are defined for j < I
assuming by, = 1. In discussion of our results the spectra
associated to the various time constants are termed “evolution
associated difference spectra” (EADS).

M RESULTS

Thermobifida fusca. Initial experiments on TftrHb were
performed by exdting the sample with a 400 nm pump pulse,
whose energy was varied between 200 and 500 n]. The
spectrum recorded immediately after excitation shows the
appearance of a bleaching signal in the spectral region where
the p(CO) stretching vibration is expected, indicating
photolysis of the ligand. A main bleaching band and a small
shoulder are visible, respectively peaking at 1920 and 1940
em™, in good comespondence with the absorption bands
measured in the FTIR spectrum of the CO adduct for this
protein, see Figure 2a Experiments were repeated by setting
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Figure 2. (a) Time resolved spectra recorded at different time delays,
showing the bleaching induced by the excitaion at 400 nm in the
©(CQ) stretching region for the coordinated CO; (b) Kinetic traces
(scattered points) at selected frequencies together with the fit (solid
line) cbtained by global analysis. The trace at 1920 cm™ has been
scaled to overdap the trace at 1940 trace on the long time scale; (c)
EADS obtained by globally analyzing all the kinetic traces recorded in
the 1850—1950 cm ' spectral range

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, resulting in an average value of
—0.18. Considering that the heme behaves like a circular
absorber when excited at 400 nm,*'*? it can be calculated that
the coordinated CO is orented in way that its dipole forms an
angle smaller than 15 degrees with respect to the heme normal,
similarly to what observed for other globin p'rcrle'in.s.“*l?‘0
The analysis of the kinetic traces revealed a biphasic recovery,
occurring within the subnanosecond time scale. As ceady
visible by inspecting the kinetic traces reported in Figure 2b,
the bleaching band at 1940 cm™ recovers faster than the
bleaching at 1920 cm™'. We have analyzed the data using a
global fit with a sequential decay scheme, obtaining the EADS
reported in Figure 2c. The kinetic traces can be satisfactorily
fitted with two components, whose time constants are 250 ps
and L5 ns, respecively. The fast kinetic phase accounts for
almost 30% of the recombination dynamics at 1940 cm™. An
inspection of the kinetic traces reported in Figure 2b brings out
that the relative weight of the fast component is much higher

8756

for the 1940 cm™" band with respect to the low frequency band
(1920 em™).

Bleaching recovery on a subnanosecond time scale can be
directly associated to fast geminate recombination if it is
assumed that the recombined CO and CO in the non-
photolyzed portion of the sample have the same spectrum as
the ligated CO at equilibrium.”® To further investigate the
dynamics following CO photodissociation we also analyzed the
free CO absorption band, which is expected to appear at about
2100-2150 cm™". Because of the low absorption cross section
of the free CO vibration and the substantial water absorption in
that region, it is difficult to obtain reliable kinetic traces and
time-dependent spectra with a good signal to-noise-ratio.
Tentative measurements, carried out by exciting the sample
with a 400 nm pump pulse, revealed a significant baseline
problem, due to water absorption, heating, and excess energy
dissipation in the system. To minimize these unwanted
contributions, CO photolysis was triggered by exciting the
heme in the Q-band absorption region (550-600 nm) instead
of the B-band region. Under these experimental conditions the
amount of energy dissipated by the system was significantly
reduced.

Measurements were thus carried out by setting the excitation
pulse at 550 nm and probing both the £(CQ) stretching region
for the coordinated CO and the free CO absorption region.
The dynamic evolution in the bleaching region was
substantially identical to what was previously observed by
exiting the sample at 400 nm. Instead, significant improvement
was obtained in the free CO region, were time traces with good
signal-to-noise ratio could be recorded.

Spectra collected in the free CO region are reported in
Figure 3a while Figure 3b shows the kinetic trace measured at
the absorption maximum and compared with that of the 1940
em™ bleaching band, which has been scaled to match the

a)
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0,00 ==y

2100 2150
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Figure 3. (a) Time resolved spectra in the free CO region recorded at
different time delays after excitation of the sample with a 550 nm laser
pulse; (b) kinetic traces at 2120 cm™ (red line), corresponding to the
maximum absorption in the free CO region. This trace has been
superimposed with the kinetic trace at 1940 em™' (black ling),
corresponding to the madmum sbsorption of the coordinated CO,
opportunely scaled.
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intensity of the free CO signal. As noticed from Figure 3b, the
two kinetic traces are well matched, except for the short time
scale, where the signal corresponding to the CO absorption
(2120 cm™) shows an initial rise component.

Spectra in Figure 3a have been corrected for the presence of
a baseline, which still contributes in this region although at a
more minor extent than in the previous measurements with 400
nm excitation. The baseline is removed by subtracting a third
order polynomial fit (initial raw data and baseline subtracted
are shown in Supporting Information ). Tee avoid the influence
of the baseline correction procedure on the dynamic behavior
of the system, the region between 2080 and 2150 cm™, where
the signal is observed, was removed for the fit. Our data show a
ratio in the absorption cross section between the coordinated
and docked CO of about 50, in agreement with previous
ﬁndings.” Baseline problems are less significant in the
bleaching region, which is free from water absorption. In this
region, the amplitude of background fluctuation has a negligible
influence on the kinetics (see Supporting Information for
details).

As reported in Figure 3b, the dynamic evolution in the free
CO absorption region matches that of the 1940 an™' bleaching,
thus confirming that also the fast 250 ps component has to be
ascribed to geminate recombination. At the early measured
times a rise of the free CO absorption signal is observed, which
can be fitted with a time constant of 30 ps. An initial rise
component for a docked CO band has been previously
observed also for 1'1'1)1'c|g]cﬂrinL7 and interpreted in terms of
protein relaxation around the photolyzed CO molecule. In that
case however the rise component had a much faster time
constant of about 1.6 ps. Furthermore thermal relaxation has
also been observed to occur for myoglobin excited at 597 nm,
with a time constant of 6.2 ps.“ The longer time scale observed
in this case for the rise component may indicate a combination
of slower cooling process and/or a more signihant protein
rearrangement, possibly involving the rotation or reorientation
of one or more amino acid side chains in the CO dodking site.
Such structural adjustment most likely modifies the electrostatic
interactions around the CO molecule thus increasing the
oscillator strenglh‘“5 This is probably the consequence of a
more flexible heme podket structure, also brought out by the
presence of a water molecule, which could rearrange by
breaking/forming H-bonds with the tyrosine amino acids
(TyrB10 and TyrCD1) located at a short distance from the
heme.

Besides the 30 ps component, a global fit of the kinetic traces
collected in the free CO region (2050-2200 cm™) results in
two additional decay components, with time constants of 300
ps and 1.2 ns, respectively. These time constants qualitatively
agree with those measured for the bleaching recovery, thus
confirming that the process responsible for the dynamic
evolution of the system is a fast geminate recombination of
the photolized CO. The EADS obtained by globally analyzing
the kinetic traces in the 2050-2150 cm™' region with a
sequential decay scheme are reported in the Supporting
Information. To take into account of the bandwidth variation
with time, we estimated the temporal evolution of the
integrated area of the CO band, and we compared it with the
kinetic trace at 2120 cm™', comesponding to band maximum.
The two traces are qualitatively in good agreement (see
Supporting Information ).

The measured CO absorption peak is quite asymmetrical and
has a rather large bandwidth (fwhm 30 cm™), which suggests

8757

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 span between 3.6 and 13%) of the photolized
CO is initially in a vibrationally hot state'>'!71%9047 pg
vibrational hot band could be resolved in the present case.
Since the CO anharmonicity has been estimated to be 27-30
cm™ P hot bands are probably not resolved due to baseline
fluctuation problems.

Bacillus subtilis. Also in the case of Bs-trHb, time-resolved
spectra in the bleaching region were collected by exdting the
sample both with a 400 nm and a 550 nm laser pulse. Again, no
significant differences were observed in the dynamic evolution
of the system between the two excitation wavelengths.
Following CO photodissociation, two bleaching bands are
observed at 1925 cm™' and 1888 cm™, respectively, whose
positions well correspond with the measured FTIR spectrum of
the CO adduct for this protein, see Figure 4a. The
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Figure 4. (a) Time resolved spectra recorded at different time delays,
showing the bleaching induced in BstrHb in the 1(CO) stretching
region for the coordinated CO. Excitation wavelength was 550 nm. (b)
Kinetic traces (scattered points) together with the fit (solid line)
obtained by global analysis at selected frequencies, corresponding to
the two maximum absorptions in the iron coordinated CO region. The
trace at 1888 com™ has been scaled to overap the trace at 1925 em™.

comesponding kinetic traces, reported in Figure 4b can be
fitted with two time constants of 120 ps and 2 ns, respectively.
In contrast to what was observed in Tf-trHb, the two bleaching
bands in Bs-trHb recover with the same kinetics. In this case
the faster kinetic component has a very low weight, only
accounting for less than 10% of the recombination dynamiw for
both bleaching bands, implying that the fraction of picosecond
geminate recombination is lower than that observed in Tf
tbHb. Fast geminate recombination in Bs-trHb has been
previously observed through time-resolved measurements in
the visible spectral range.’ In the present infrared measure-
ments a 30 ps component, previously identified by transient
absorption measurements in the visible region, is not observed.
Since the cumently probed spectral mnge is only sensitive to
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CO vibrations, we conclude that this 30 ps component is not
associated to fast ligand recombination, but probably represents
a relaxation process of the heme.

The free CO region was probed by exdting the sample at
550 nm. The time-resolved spectra in this region are
qualitatively similar for both proteins, but striking differences
are observed in their kinetics. Also for Bs-trHb only one band is
observed, whose dynamic evolution follows that of the
bleaching signals, though with minor intensity. The peak
shape of the docked CO is not completely symmetrical and the
fwhm is about 30 cm™. Time resolved spectra of the free CO
in Bs-trHb, shown in Figure 5a, show a blue shift on a 10 ps

a)
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Figure 5. (2) Time resolved spectra in the free CO region recorded at
different time delays after excitation of the sample with a 550 nm laser
pulse; (b) Kinetic traces at 2130 em™ (black line), corresponding to
the maximum absorption in the free CO region in Bs-TrHb. The trace
has been superimposed with the kinetic trace at 1925 cm™ (red line),
corresponding to the maximum absorption of the coordinated CO.

time scale, which could be an indication for vibrational cooling.
Alternatively there could be two bands hidden under the
observed line shape, with a population exchange occurring on
this time scale. Given the low signalto-noise ratio of the
measurements, these observations have to be considered with
care, and in order to better rationalize this spectral evolution,
measurements should be repeated with a higher spectral
resolution.

The kinetic trace for the madmum of the absorption band,
compared with that of the saled bleaching trace measured at
1925 cm™ is reported in Figure Sb. In Figure 6, the kinetic
traces corresponding to the maximum absorption of the free
CO band are compared for the two analyzed proteins. The
observed signals bring out clearly a more intense slow phase
and a faster decay in the case of TftrHb with respect to Bs-
trHb.

B DISCUSSION

The possibility to follow CO recombination dynamics in the
infrared spectral window, after photolysis induced by a short
laser pulse, provides unique information about the influence of
structural and electrostatic properties of the distal heme pocket

0.08
0.08

a

Sond

E

E S
0.02 —=— Ti-brHb 2120 cm’

—»— BsrHb 2130 cm”’

0 100 200 300 400 500 600
time {ps)

Figure 6. Kinetic trace at 2120 cm™' recorded at the madmum
absorption in the free CO region in TrtrHb (black line) compared
with the corresponding kinetic trace measured in BstrHb at 2130
cm™ (red line).

on the ligand dissociation and rebinding processes occurring in
globin proteins. While pump—probe measurements in the
visible spectral range give only indirect information on the
recombination dynamics, since they can only probe the
evolution in the electronic state of the heme moiety after
excitation, measurements in the infrared are much more
specific, since they can probe the dynamics of the wibrational
bands of the ligand before and after photolysis, thus providing a
direct snapshot of the transient state of the photolyzed CO
molecule. In this work we have shown that, in the case of Bs-
tbHb, the infrared probe has allowed the unambiguous
assignment of a 30 ps component previously identified by
visible transient absorption measurements.” The absence of this
kinetic component in the current measurements within the
infrared spectral range, leads to the conclusion that it is not
associated to fast ligand recombination, but most likely
represents a relaxation process of the heme.

Furthermore, important information on the influence of the
distal pocket structure on the recombination dynamics can be
retrieved with this technique. In this study we have compared
two truncated hemoglobins, Thermobifida fusca and Bacillus
subtilis, whose distal heme pockets, shown in Figure 1, are at a
first sight very similar.

Despite the structural similarities in the architecture of the
heme pocket, TftrHb and Bs-trHb display significant differ-
ences in the dynamics of ligand exchange and rebinding.
Present results indicate that although both proteins show fast
geminate recombination, the relative amount of the picosecond
dynamic phase is not the same. To highlight these differences
we have compared in Figure 7a and 7b the kinetic traces
measured for the two bleaching bands of Tf-trHb (1940 and
1920 em™) with the comesponding bands observed for Bs-
trHb (1925 and 1988 cm™).

For both proteins two different conformations have been
identified on the basis of FTIR measurements, herein referred
as an “open” conformation, characterized by a single amino acid
H-bonded to the ligand and a “closed” conformation,
characterized as having two H-bonded residues.*'”

In the case of Tf-trHb, the dynamiw of bleaching recovery of
the open and closed conformations are different. The open
conformation, responsible for the infrared band at 1940 an™'
substantially recovers with a fast 250 ps component, while for
the closed one, the picosecond component only accounts for a
miner fraction of signal recovery.

It is commonly accepted in the literature that the presence of
H-bonds between the residues in the distal pocket and the
heme bound CO favors the ocaurrence of fast recombination.
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Figure 7. Comparison between the kinetic traces in the bleaching
region for Th-trHb and Bs-trHB upon excitation at 530 nm. (a) Trace
at 1940 cm ™' of ThtrHb (black line) compared to the trace at 1925
cm™! of Bs-trHb (red line). The two kinetic traces have been scaled to
averlap on the long time seale. (b) The 1920 em™ of TftrHb (black
line) compared to the trace at 1925 em™ of BstrHb (red line).

For instance it was recently shown that in the oxygen sensory
protein FixL, the introduction of a residue capable of forming
H-bonds with the iron bound CO, through the mutation

R220H, determines the occurrence of substantial contribution
14,48

to geminate recombination on a 250 ps time scale.

On that basis one would expect to observe a substantial
amount of picosecond geminate recombination also in Bs-trHb,
since, for this protein, the highly downshifted 1{CO) stretching
measured by FTIR indicated the presence of strong H-bonds
between the iron coordinated CO and the residues in the distal
pocket. Nevertheless our results show that only a minor
fraction of the photolized CO, corresponding to less than 10%
of the total, recombines with a 120 ps kinetics. The fraction of
the fast dynamic phase is the same for both the open and closed
conformations of the protein, being thus independent of the
number of H-bonds formed by the coordinated ligand. We also
note that, in Tf-trHb, the higher fraction of fast recombination
is observed in the open conformation, that is, the one with only
one H-bond and not, as it would be expected at a first sight,
when both TyrCD1 and TrpG8 are H-bonded to the
coordinated CO. A similar behavior has been observed in the
case of myoglobin, in which time-resolved infrared spectra
measured at low temperature showed the appearance of two
bleaching bands (at 1944 and 1926 cm™'), 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, like in TfarHb**

Therefore it appears that a simple structural analysis only
accounting for the number of hydrogen bond interactions of
the iron coordinated ligand is not sufficient to interpret the
kinetic differences observed among different globin proteins.

By comparing the behavior of the two truncated
hemoglobins here studied, it can be suggested that one of the
main factors influencing the amount of fast geminate
recombination is the structural flexibility of the heme pocket.

The steric hindrance of the residues surounding the ligand,
which can act as a cage confining the CO in the docking site,
avoids its escape toward the solvent. If the docking site of the
photolyzed CO is sufficiently large, because of the presence of
smaller residues in the distal pocket, the recombination is
slower. On the contrary if bulky residues impair ligand escape,
the CO molecule may possibly recombine with the iron atom
on a faster time scale.

These observations are still not sufficient to explain the
different dynamics observed for the two conformations of Tf-
trHb. In this protein, the residue TyrCD1, which in the closed
conformation is at H-bond distance from the iron coordinated
CQ, is believed to have a high structural flexibility, being
alternatively capable of forming a H-bond either with a water
molecule localized in its proximity or with the ligated CO. It
would be expected that, when this residue is rotated toward the
ligand, as in the closed conformation, it would prevent the
photolyzed CO from escaping far from the heme. In the open
conformation TyrCD1 is rotated away from the ligand instead,
so it may allow the CO molecule to move further away from
the heme upon photolysis. In contrast, in the experimental
conditions used in this work, we observe a faster rebinding for
the open conformation. This may indicate that the differences
among the two protein conformations can involve more
rearrangements than TyrCD1 rotation. One possibility is that
when TyrCDI is rotated away from the ligand, the conserved
water molecule located in the distal site assumes a position such
to block the CO exit. Alternatively there could be rearrange-
ments in the position of other residues, not identified in the
currently available crystal structure, acquired without coordi-
nated CO," which eventually make the open conformation even
more restrained than the closed one. It thus appears that in case
of this protein it is not totally correct to refer to the two
conformations as open or closed, only considering the number
of hydrogen bonds formed with the iron-bound CO, while it
would be more appropriate to identify them as a less
constraining and more constraining conformation.

For BstrHb we have described untl now the closed
conformation as the one where both TrpG8 and TyrBIO are
H-bonded to the ligand, and the open conformation as the one
where only the H-bond with TrpG8 is maintained. In this case
there is little difference in the dynamics of CO recombination
between them. Possibly, the configuration adopted by TrpG8
and the other pocket residues is not very different for the two
conformations, so that the wvolume of the docking cavity
remains always similar. Furthermore the other residue which in
the distal pocket of Bs-trHb is located at a short distance from
the coordinated CO is GInEll, whose hindrance is certainly
lower if compared to that of TyrB10, which in TftrHb is also at
short distance from the CO, besides TrpG8 and TyrCDL. It is
worth noting that the importance of GInE11 in stabilizing the
coordinated ligand in Bs-trHb has been recently highlighted.
According to molecular dynamic simulations, GInEll can
adopt two different conformations, forming a H-bond
alternatively either with the ironbound CO or with
TyrB 10.¥ By switching among these two conformations,
GInEll would open a cavity directly connecting the heme
distal pocket with the solvent, thus favoring ligand escape. This
finding would explain the high oxygen affinity observed for Bs-
TrHb and strengthen the suggestion that the volume of the
heme cavity and its structural flexibility have a strong influences
on the fraction of fast geminate recombination.® Compared to
TfarHb, in this case there is less protein reorganization after
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photolysis, possibly because the docking site is already
sufficiently large to accommodate the dissociated ligand, due
to the topological substitution between TyrCD1 with PheCD1
and LeuEll with GInEll. A lower degree of protein
rearrangement induced by the ligand dissociation could also
explain the absence of a rise component in the kinetics of the
photodissociated CO.

Similar considerations regarding the caging effect™*! played
by the amino-acid residues surrounding the photolyzed CO can
also be applied to other recently studied systems. Picosecond
geminate recombination has also been found in the CO
complex of nonglobin proteins, such as microperoxidase and in
the chemically modified form of ctochrome ¢, termed
carboxymethyl cytochrome c** In the former system a time
constant of 110 ps has been estimated for concentrated
samp]es,g while in the latter system a multiphasic recombina-
tion with time constant of 16 ps, 120 ps, and 1 ns has been
measured.” The authors attributed the three phases to CO
rebinding from different locations within the distal pocket site.
The high efficiency of the ligand rebinding has been interpreted
even in this case as a consequence of a sterically hindered and
“caged” nature of the distal heme podket, from which it is
difhcult for the ligand to escape. In these systems, the short
time scale of the geminate rebinding has been correlated to a
protein configuration that assures the restraint of the
reorganization energy of the active site.™

As a final comment, it should be pointed out that the kinetic
analysis presented until now does not take into account that a
fraction of the photolyzed CO escapes to the solvent, and
recombines on a much slower time scale with a bimolecular
process. A direct estimation of the relative amount of geminate
and bimolecular recombination would require following the
system dynamics on a time scale spanning from picoseconds to
milliseconds, which is not feasible with the cumently used
experimental set up. However, it is possible to have an estimate
of the amount of geminate recombination occurring on the
picoseconds time scale by evaluating the ratio between the
areas of the EADS obtained by global analysis. In the case of Tf-
trHb it can be estimated that about 40% of CO undergoes
picosecond ge te recombination. The evaluation of kinetic
component in the nanosecond regime is affected by a large
(~20%) indetermination due to the lack of data regarding the
bimolecular recombination.

M CONCLUSIONS

Time resolved vibrational spectroscopy, employed to study
carbon monoxide photodissociation and rebinding in two
truncated hemoglobins, has revealed key structural and
dynamic properties of the ligand binding process in these
unusual globins. The results of this study highlight striking
differences between the dynamics of CO recombination in the
truncated hemoglobins with respect to other globins, such as
vertebrate myoglobins and hemoglobins. Both the truncated
hemoglobins from Thermobifida fusca and Bacillus subtilis
exhibit subnanosecond multi recc

tion, which account for at least 50% of the total yield of CO
recombination. Several conserved residues in the distal heme
pocket of both the analyzed proteins, capable of interacting
with the iron coordinated ligand through the formation of H-
bonds, acts as a cage on the dissociated CO, preventing its
escape toward the solvent and confining it in the heme cavity,
thus favoring fast rebinding. This effect is even more
pronounced in the case of TftrHb, where at least 40% of

onential

8760

geminate recombination occurs in less than 300 ps. The
ocaurence of fast geminate rebinding and the differences in the
CO rebinding kinetics registered for two apparently similar
proteins highlight the strong influence played by the structural
organization of the distal heme pocket and the interactions
among the protein and the heme-ligand complex. Globin
proteins are not the only example where such an effect is
observed. Other systems where protein ligand interactions can
have a strong influence on the photodynamics are found for
instance in the thodopsin family, where strong differences in
the dynamics of retinal photoisomerization have been measured
between visual pigments and microbial l'hclc]cl])sin.56 It is
evident that a detailed understanding of such interactions is
necessary in order to completely characterize the photo-
dynamics of these systems. Regarding the two proteins analyzed
in this study, further analysis on site directed mutants will allow
an even more accurate characterization of the specific
interactions of each of the residues present in the distal pocket
with the ligand, which will eventually help to dlafy the

behavior of these proteins in their living environment.
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The ferric formiaf truncted hamaoglobin 1 from Themobifida frem [TtHb) andis triple masnt WCEFYHE10F-
YOF at newtral and alkaline pH, and in the presence of (N~ have been characteried by resorance Raman
s pectrascopy, ledron paramagnetic resanance spatosmpy ad malecular dynamics simulations. T-gHb
contansthree palar residuesin the disalsite, namely TrpGE Tyr(IN and TyB10. Wheness TrpGl an adt asa po-
temtial hydrogen-hond donar, the tyrosines @n artas danars or aocepors. Ligand hinding in hame.momsning
|protins i determined by a numberof Brw s, induding the nature and mnfomation of the disal rekd ues and

gyt their capadlity to satie the heme. bound figand via hydrogen.- bading and dectrasstic interacsins. Snce
Cranite Hgand hath the BR Fe-0H™ and Fe-N~ frquences are very sensitive to thedisal detaled ink
O - B am suctural variagions has been obined. The hyd mocy] ligand binds only the ‘W protsin giving rise o wodif-
[REpoirane Raman ferent conformer=. in form 1 the mion isstabizedby H-bond swith TrpGE, Tyr(DN and awaser malaule, inum
Tirancare hosragiobn H-bonded 1o TyrB10L In form: 2, H-bond ingw ith Tyr(D1 & mediated by a water malsoule. Unlike the OH™ ligand,
N~ bindks both WT and the triple matant giving rise to two foms with similar spectroopic chaaceistio.
The overall results clarly indicie that H-bonding ineractons both with distal nesidues and water maleules
ame impartant strucural deferminan s in the active sie of TRaH b This atide s partof aSpedal bsue entited:
(Oxygen Binding and Sensing Prowins.
© 2013 Blzevier LV, All nights reserved.
1. Introdisction a potential lydrogen-bond donar, the tyrosines cn a0 &5 donors of

B0 [OTE
The fermic and ke mous der ivatives of truncated hemogl obins, anal-
ogous 1o mammalian globins, bind avarety of small molearles, such

Ligand binding in heme-@ntaining proteins is deemined by a
numibser of factors, including the natuwre and confor mation of the distal

residues and their capability to stabilize the heme-bound ligand via
hydrogen-bonding and electrostatic interactions The trmcated hemo-
lotvin 11 from Therrob ifida fugo | T rHD) contains thiee polarresidues
in the distal site: TrpG3, TyrCD and Tyr BIQ Whereas TrpGB canad a5

Abbreviasions o, Sercaed bemogibbdn T Themmodiifa fom; HE hamoglabing
W, el Tpipe; ATV, 3 chilie s wariant of TH-orbil oo indegg mend Sieg be s e ions
P 1000 airedl Args D00 WEy mrpoggioliing MES, 24 Nomoapbadling)et haresdifont abs
AT vl iy rics; EFR, @ BOmron Pl aimaire i escrany | BE, resonanne B
5, - i, G, she- oot | HS, high sphr 15, bow spin
T Thisamice ks part of a S| Bscwr bl haygesn: Biimlingg aned S encsingg Proasine.

* Comesporading aador. Tal: +3% 05 457 308, Gx 439 65 &7 077.

Emailadidres: glalemm srakedctabenifl b (G Smiskevic).

15705E35% - s froat marssr & 200 Eheser BV A righrsresennad.
e o crg 110100 & Bebapap 30 3@ B3

& HoO RO ON ™, F, and 0. Previous studies carried out on the 0O
|1l F~ |23) and H5™ |4) adduas formed with the native TirHb
and acombinstorial st of mutants, in whidh the three distal amino
ackls have been singly, doubly, or triply replaced by a Phe residue, re-
vesled that sl the ligands are stabilized by TrpGs via 3 strong H-bond.
TyrCD is able to interad with CO and fluonide, wihereas TyrB 1015 not
direaly involved in ligand stabilization and plays only 3 minor role.

In the present work we have extended the analysis o the femc
form, studying the behavior of the fermic native protein and it triple
mutant WCBF-YBIOF-¥CINMF a0 newiral and alkaline pH, and in the
presence of CN ™. Singe both the R Fe-0H ™ and Fe-CN ™~ lrequencies
are very sensitive 1o the distal emvironment, detailed information on
structural varatons can be abtained In particular, the comparnson of
the specoscopic signature of the DH™ ligated proteins at alkaline pH
with those af the cyanide sdducts i expeaed to provide information
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ot the elfeas of H-bond interactions between the ligand and the disal
residies 5 well on the Fe-IN geometny.

2. Material and met hods

21 Sample preparation

Wild type [WT) Tl-irHb was expresed a5 a recombinant proein
in Escherichia coli el and purified x5 described previously |5 As
previmsly reported | 1] the acidic surface variant (ASV) of T-rHb
differs from the WT protein by mutstion of both Phel07 and Arggl
1o glitamic add, which incresses protein solubiity during remmbd-
nant expresion, witout affecting thermostability or ligand binding
properties | 1-3]. Therefore, ASY wis taken &5 an engines red scaffold
of the WT protein for subsequent site-directed mutagenssis studies
on the relevant residues of the distal heme pocker

Phisphate salts and glycine were obiained from Merck AG
[ Darmstadt, Germany L 2-|N-morpholing jethanesufonic acid [MES)
wis bought from Sigma-Aldrich | Steinheim, Germany) All chemicals
wiere of analytical or reagent grade and were used without further pur-
fhcation The cyanide complexes were prepared by adding a few micro-
liters af & diluted solution of potxssium cyanide to the ferne proteins
(A5 and wiple muant ). Bullered solutions (0.1 M) were wsed for ex-
periment i pH 9.8-101 ( glycine]. 7.0 phosphate), and 6.1 [ MES).

Protein concentrations in the range 10-70 pM were wsed for the
elearonic alsorption and RRE samples. Sample conenratdon for low
tem perature KR was betwesn 30 and 100 pM. Sample concentraions
for election paramagnetic resonande |EPR) expenments were in the
range 130-600 pM_

The prote in concentration wis dee mined on the CO derivative in
the presene of 10-20 mM sodium dithionite by using an extinchion
coefficient of 174000 M~ cm—" for T-0rHk

22 Spevimscopic chonocterirarion

Electronic alsorption spectra, me asured with a double-beam spec-
trophoimeter [ Varian Cary 5 were recofded using & 1 om quans e
vette and a 600 nm/min scan rave Absorplion speara (Sing a 5-mm
NME tube) were measured both prior 1o and after RE maxsurements to
ensure that mo degradation had taken plsce under the experimentl
conditions wied BR spedra were mexsured with exdtation a1 4131 nm
(Kr* laser, Coherent, Innova 300C) using 2 triple spectrometer
[eonsisting of two Acton Research S pecr aPro 23000 working in the
subtractive maode, and 2 SpecraPro 25000 in the final stage with a
I60 grooves/mim grating). equipped with a liguid-nitrogen coaled
OO0 detedor (Roper Scientific Princeton Instruments ) RR speara
were calibrated with indens, n-penmne, and arbon tetrachlonde as
standards to an sccuracy of 1 om—" forf intense isolsted bands

The kw-temper atune experiments were carmed out using an Air
Products s plex. closed-cyele He reln ger stor with 2 Woma o e mped-
ature control For the low-tempersture RE mexsurements, 20 pl of
the protein solution was deposited on the copper cold finger ol the
reffgerstor t 90 K under & nitrogen fiow. The tem per sure was then
slowly decreased 1o 12 K under vacum, and ERspecra wera obixined
al this temperatune.

All ER measur ements were repested several times under the same
conditions to ensure reprodudbility. To improve the signakio-noise
1atio, & mumber of spectia were soarmulsted and summed only if no
apectral differences were noed All specra were hiseline comected.
To determine peak bandwidth and positions, 4 curve-fltting program
[Lab Cale Galsctic) was wsed 1o simulte dbe Spactra using 3 Lorenizian
lime shape. The lrequendes of the bands were o plim iz d with anacouray
ol 1em™", and the bandwidihs with an sccuracy of 05 am ™" Band-
widths (full width a1 hall-masdmum ) vaned & follows: 12-14 an ™"
in the high lrequency region; 3-12 cm— " for the low frequency region

FP. Nicodess ot al | Bivchimim o Biophyaica Asa N34 (200 3) BN - B

EPR spectra wene mecorded x5 reported previously |6) and the
- values were determined by careful viswal inspection of the speara

23, Maolerular dy oo &l fons

The simul ations were performed starting from the orystal struchre
ol WT THrHb determined at 248 A resalution. Proein Dot Bank
[POE)] envy 2BMM |5 Two different systems of protein-ligand com-
plentes, with & water of hydiedde ligand bound to the heme group,
woere budlt and smulsted. The waer makecule was added in the distal
i ound 1o Fe| 1) socording to the equilibeium sructune inan isolsted
madel system QM ool ton ot the DFT level [with te PRE functional
and 6-31 G**basis sets), taking into somun the distal s e environment.
The charges and parameters for Fe( 1) heme — wate rmaolecule were de-
termined by & standard procedure: part al duarges wer e oom puted wsing
the restriged electrostatic potental [FESF) recipe and DFT elearonic
structige caleul stons with the PRE fundiond snd 6-31 G bisis s
The caleul ation has been performed in the highspin (H5) state Equili-
rium dismnces and angles, x5 well a5 force constants, werne oom puted
using the same methods and basis set wsed for computed charges The
ame proeEdure was uwsed for the hydrodde ligand The pamaEs force
fleld implemented in AMBER wis wsed to describe the protein | 7] The
ayatem wis then immersed in a pre-equilibrated octahedral box of
4308 TIFSF water molecules using the LEaP module of the AMBER
padage | 7). We used periodic boundary conditions with 3 9 A cuoff
and Evald sums for treatng |ong-rangs & lectns tat ¢ interactions The
SHAKE algorithm |8] was used to keep bonds involving H stoms st
thedr equilibrium length, allowing ws to wse a2 Is time step for the inte-
gration of Newton's equations The histidine taubomernic state and pro-
tomation [Ne-H, NE-H, His ™) were carelully snalyred for esch of the
thres His residwes | name ly His99, His1 22, and His1 35 ) and s&t 1o lavor
the hydrogen bond network suggested by the experimental crystal
atructure. Ejuilibraton protocol consised of (i) dowly heating the
whole sysem from O © 300 K for 20 ps st @mswnt volume, with har-
mamnic resiains of 80 Keal per mol A7 for all Co xivms; (i) pressure
exuilibration of the entire system simuilaed for 1 s at 300 K with the
aame resmained moms After these two steps unonstrained 30 ns of
milenular dynamics [MD) s mulstions 31 constant temperatre (300 K)
ware performed. To simulate the tmiple mutant [YE1OF-YD IF-WGEF)
provein, weinoduced insilioo mutitions by duangingthe o mespondi ng
arming sad in the of iginal structie and allowing dee system to equilibrae
a5 mentioned earlier. All struoures ware found to be smble during the
timescale of the simulations, x5 evidenced by the oot mean square dis-

plaements [RMSD L depicied in Fig 51, Supple mentary data
3. Resulls

1. Hydrany! ligarel

Fig. 1 shows the UV-vis titration and the KR spedra in the high
frequency region of TI-trHb between pH &1 and 101, together with
the mimesponding spectra of the triple mutant st neutral pH In this
pH range T-wrHb undergoes coondination and spin state changes. At
scidic pH the sbsorption spearum shiws i Soret band st 407 nm
(409 nm at newtral pH)L § bands at 498, 541 and 577 nm, and 2
broad CT band centered at 634 nm. The corresponding RR spectrum
clearly indicates that at kw pHthe protein is amibmune of th ee species,
an aqun 60HS vy a1 1480cm—", v, & 15688 an—"] a 645 [w, at
1503 e~ ' v &L 1579 e | v AL 1638 cm ") and 2 small smownt
of 5cHS form [y ot 1483 em—" and vy a1 1570 cm— ') At alkaline pH
the ScHS species disappears, and, similar to Hi and Mib 3], the stsorp-
tion spectim becomes ty ol of 2 hydroo comples charscter ized by
aminre of 60HS and GeLS species with the Soret band a1 413 nm, O
bands a1 545 and 577 nm, and a shoulder a0 sbout 605 nm due 1o the
CT1 band. Accordingly, atalkaline pH, in the kigh frequency RR region
two sets of core size marker bands are found, comesponding 1o &
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Tydraso GeHS (v ot 14T cmi™", va 4t 1563 an™", v at 1587 cm ™)
and BLS (v a6 1502 cm ™", v a1 1579 em™ ", vy &1 1607 cm ™", vig at
1638 an—") The two lorms, esdsting in a thermal spin-state equil ibrium
AL P00 TEMPETATUre, Comve 1T @ Almost 4 pure G015 heme o115 K [w ot
1506 om ™", vz a0 1588 em ™", o 21 1642 an™") (Fig- 52 Supplementary
datm] The riple mutan behaves quie differendy. Berween pH &1 and
740 the slsorption specnim does not change | data not shown) and it i
mainly charsgerstc of an HS form with the Soret band at 404 nm, §
Iands 51500 and 533 nmy and CT 21634 nm; the amesponding KR spec-
trum dearly indicates the presence of 2 predominant GHS species [y
At 1484 am ™", vy a1 1563 em™", o at 1586 em™", woat 1613 an ™).
The bioadnes of the v, band suggeas ako the presence of & ScHS,
which has been confirmed by 2 band fiting analysis which clearly
shows vy A0 1480 an ™", and vo 81 1567 cm ™" (data not shown). In
addition, a weak v, at 1503 em—" i5 observed due to 4 6215 species.
At alkaline pH the protein beames unsalle

Fig 2 [left) shows the low frequency region ER spectra of TI-urHb
at alkaline pH in Hy0 Do0, and HI%0 buffered sol utions, at 298 and
15 K, together with the comesponding band firing analysis. Table 1
repeorts the and fiting par ameters togeter with the band a5 nments.
Whereas the hydroside 60HS complex i [resent A1 room Empe range
and undetectable a1 15 K. at both @ mperatues the band a1 485 an ™"
s affeced by the sowpic substiumion It up-shifts by 4 cm— " in Du0
(489 em—" ) and downshifts 1o 471 cm =" [— 14 cm—") in H3%D, &
abio confirmed by the difference spectra [Fig. Z right). Therefore, the
band a1 485 am " is assigned © the v[Fe— OH) stretching maode of the
6cLS form Hende, in THrHDb the kow-spin v(Fe— OH) sretching mode
s about 65 cm™" lower than the cormesponding bands abserved far
methb and metHb (3] This anomalows very low frequency indicies
umsually strong hydrogen bonding benwesn the OH ™ ligand and distal
residues. In [, with an increxse of the H-bond strength, a decresxse of
thelorce oomstant of the Fe—OH bond toge ther with a kess of its bistomic

s llator characer [via vibrationd coupling with the Fe-OH bending
and torsion and the O—-HX stretch modes) is expected In addition,
the strengthof the H-bond is predicted to weaken upon dewer um sub-
stitution; in particular, for 0-0 distances > 26 A [10]. As a conse-
quende, the Fe—00 sretch @n experience a smaller downshilt, or
even an upshilt, compared with the comesponding Fe— OH stretch
despite the incressed mass

Fig 3 shows the EPRE speara (a5 K) a1 alkaline and neural pH of
the THorHb and its wriple mutant On the basis of previously reported
hydroxe complexes [Table 2] the LS speckes with g valuss in the
range g = 2.7-28 are assigned 1o His/OH coordination, where the
OH group i strongly H-bonded. The weak species with g, = 266 s
similar 1o cases of His OH coordination where the OH group is not
arangly H-bonded. The g-values and ssignments of the various
TI-urHl LS species are reported in Table 2

At pH & the HS signal for both ssmples becomes mnsderably
mare intense than that observed for WT at alkaline pH, wherexs the
15 signals ane approximately 10-fold weake r compared 1o the LS spe-
cies of WT at alkaline pH.The inset [Fig. 3] shows the relative inten-
sities of he LS signals of the thiee speara [without expansion),
clearly demonstating the marked intensiflcation of the LS signaks a1
alkaline pH. At pH 6 a1l the high spin bands shiw a varisble degres
of rhom gty This suggests that the HS state is a Sc species or, alter-
natively, there is & mixture of 6HS and 5HS spedes present. The
apparendy lower g ; value in the cse of the WTHS signal (371) com-
pared tothat of the mutant (585) is probably simply due to the super-
pasition of 4 more rhombic 5cHS and 2 GcHE species. The extremely
weak HS signal at alkaline pH is characierized by a rhombic g Emsor
(631,585, 199) (data not shown ) and likely resuls from free heme
dissociated from the protein due @ strwcn al instabi ity a1 alkaline pH.

Classical MDsimulations of Fe(1l) THurHb with coord inated water
were performed to shed light onthe nanwre of the H-bond netwark
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a1ahilizi ng the coondinated water malecule x5 suggested by the spec-
troscopy data At newtral pH, the calorlations we re performed on the
H state a5 identifbed by thes pedroscopic mess urements_In sgres ment
with the experimental results, te optimized Fe - OHz bond distance
s found 1o be sbowt 22-2.3 A for both proteins. We found that in
beoth the WTand the triple mutmt the coordinaed waer is siabil ived
by H-bonds. Hiowever, in sgreement with the specirsmpic daty, the
srength of the H-bonds in the two cases i quite different In the WT
protein the water is srongly H-bonded with the indole N proton of
the WGB [Hal — Nowea = 1.9 A) and the hydreylic hydrogen of the
YO [Dhoo — Ovem = 1.5 A) (Fig 4A) justifies the spectisaopic
findingol an Fe-0H~ characterol theligand even at pH &1_0n thecon-
trary, in the triple mutant YB10F-YCD1F-WGBF the ligand maintains
the charscierstic of awater molecule In o, the mutant was able 1o
secommodate thres water molecules close 1o the active site (Fig- 48).
Tocharaaerize the internal water intersdions, we evaluaed the radisl
distribution function g(r) for e O atom of the water molecules,

Tabde 1
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centered on the mondinated waer for the Lst 30 s of the s mulsdon
The integration of the gir) function omfimed the presence of wwo
waker molecules sround the distal ligand interacting weakly via
H-bonds [see Fig 4B, OyoolW1) — Gea(W2) =28 A; Oyl W2) —
GuaW3) =3 AL
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Al alkaline pH. twao dilferent conformers were found for the WT
protein during the tmescale of the MD simulation. Fig 5 displays
the change of the H-bonding distance between OH™ and Owem 25 4
function of time, shiwing the interamaversion of conformers. a5 well
&5 4 re presentation of the distal side in both conformations. The opti-
mized Fe—OH bond distance was found 1o be sbout 18 A_ In both
forms the hydroxide ligand is strongly stabilizd by three H-bonds
involving the distal polar residues. In one form, TrpGB and Tyr(D1
directy interact with the ligand [OH — Nes = 11 A; OH — Oy =
32 A), wheress TyWELD i H-bonded 1o 2 water molecule which, in
turn, is H-bonded with the distal ligand [OH™ — HaO[W1) =
27 A; HaO{W1) — Ove = 26 A) (Fig 5A). In the second amn-
former only the TrpGE i directly H-bonded with the hydroxide
[OH — Fwea =311 A), wherexs both the [yrosines interad with the
ligand via 3 water moleaile (OH™ — HaO(W2) — Oven = bath 26 A;
OH~ —HyO{W1) — Oype = 27 and 26 A) (Fig. 58).

12, Cyanide ligand

Upan addition of cyanide i both WT and the triple mutant, their
sisth ligand & replaced by the exogenos ligand 1o form & oyanide 6015
complex_Both UV-vis (419,543, 578 mm) and RE specta in the high fre-
quency region (v at 1508 cm ™", va at 1582 an ™", vodt 1637 cm ™)
are identical to each other and similar to ciher cyanide mmplexes
(data not shown].

A Wild type

Fige & and 7 show the low-frequency RR spectra ol the cyanide
sdducts of ferric THrHD and i1 triple varant, respeaively, along with
these of the PCMN, BCH. and PCPN analogs to ellectively identfy
thase maodes associated with the Fe[IT)-CN linksge. 11 is immediately
apparent that forthe T-irHb the band a1439 om —"ex hibits & monomc
denwnshift as the mass of cyanide increases from ZCYN (439 em™ .
through PCTN and "SC5N (436 an—"L 1o "ICUN (432 em ). There-
fore, this band & signed to the v{RCN) mode. The botope-sensitive
mode st 380 cm™ " exchilits azigrag kotopeshift patern The difference
speciia show festures st sbout 383 and 378 cm—". Sinee the zigesg
pattern & charsctenistic of a bending mode [11] we assign the band
2380 em™ " tothe & Fe-C-N) mode Accordingly, this band dsappears
in the difference specra obiained by subtradion of pais of the spec-
traof sdducts in which the muss of the carbon atoms isequal b the
total muss of the cyanide Botopomers is diferent [“CVN-ZC®N
and PCHR-TICUN G I daer in these two cases, the bending vibrations
showld oocur 1 the same frequency and this canel o, wheress fas-
Tures sssociated with the sTetdving modes should appear in the difler-
EfE Specty

I pection of Fig. & reveals the presence of several weak (solope-
sensitive bands which are not readily discernable in the R spectia
owing 1o their weak intensity, but clearly appear in the differendes
speara In the region near 20cm™" another band shows a #igesg
pattem. with difference maudma sppearing st 415-419 cm™" and
minima a0 405-407 em ' Simulated difference spectra (Fig 53,
Supplementary data) indicate that this comesponds to 2 band with

B Triple mutant

Fg 4 Sotesmaric
sl

et v Bivesradl HLOh oo et Bnicsis of IATY vl s are i

ot of Tt kst o WT TESMHE (A) 2 b3 TopGEF TWEICF-TyrCDIF mriphe marant (B} Sowing the Bycmgen boded fa wndk |G Hine)
D
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maximum at 414 em™" in the natral sotopomer spectrum and full
width at hall madmum 20 cm~ "

The intensity pattern in the difference spectra is dosely related 1o
that of the 380 cm™ " band. In sddition, & for the band a1 380 cm ™",
this band disappears in the difference spectra obained by subiraction
ol pairs of the spectra of sddues inwhich the mass of the carbon aoms
is equal but the total mas of the cyanide Botopomers i different
[PC™N-"CON) and [SCN-"C'N) and is observed, together the
band at 380 cm ", in the diflerence spectra ("3CUIN-TICVNG where
antly the bending modes ane present. The refore, we assign this band as
anather &Fe-C-N) mode, similar @ the RR spedra of cyanide adducas
al homsersdich perosidase st pH 12 |12 ], which displayed a secondary
&(Fe-C-N) band at 420 cm~" with a v(Fe-(N) band a1 355 cm™". The
e sponding v Fe-CN) cannot be identifled in our spectra, hinvever,
we cannol rule out that it B olscured by the inense porphyrin
Iband at 347 em ™" However, the RR results provide wnambiguous evi-
dence that & main (N @nformer his been found, exhibiting w|Fe-CH|
and & Fe-C-N| modes st 439 and 380 an—"

The effect of the disml residue mutations & small (Fig 7). The
main dhange in the KR spectra of the ON— sdduct of the TrpGEPhe-
TyrCD Phe-TyrB 1 0-Phe triple mutant s a shilt of the &Fe-C-N| band
from 380 1o 370 an ', together with 3 7 cm " shift of the secondary
&|Fe-C-N] band. The intensity changes in the differe nee specma ollow
& pattern which is similar © that of the native protein

4. Discussion
Extensive work on heme proteins has demonstrated that the fre-

quency ol the v{Fe-0H) RRE mode depends on the Fe jon spin state,
he distal emvironme il and EMT_\I ot the mwmber .m.dmrgm

of H-bonding interactions between the hydrside and the distal polar
residues |9,13-15) Typical w(Fe-0H) wavenumbers are around 4390
and 550 em " for 60HS and 645 species, respeaively. H-bonding can
lower the stretch g fre quendy by dechessing the fe-0 alection density
and, as a consequence, the Fe-OH fore constant. For exampe, in
horseradish permeidase only a 605 form has been found a1 503 cm—?
a5 the hydroside b stabilizd by accepting H-bonds from the disa] His
and the distal Arg. Similarly for T-irHb, only the 645 species has been
identified 1t is draractenized by an extremely low v{Fe-0OH) frequency,
about 65 em ™" lower than the correspanding vibrationin M This fre-
quency srorgly suppors the presence of numerouws H-bonds formed
by the bound hydroxyl with disid residues and waier molecules.
Based on MDD simulations, the OH ™ anion buikds three H-bonds i allks-
line TiwHb form 1 with TrpG8 and TyrCD1 [which & Tully consistent
wilh the resulis obtaned with other ligands, see below ], and with 2
waker maleaule H-bonded 1o TyrB 10 In form 2, H-bonding with TynCD1
i madisied by 2 waer maleaile.

Previos studies amied out on the O [1). F~ 23] and H5~ |4
adduas formed with the WT protein and a combinatonial set of mu-
tants, in which these three amino acids have been singly, doubly, or
triply replaced by a Phe residus, revesled that all the ligands sre sta-
bilized by TrpG8 via a strong H-bond_ TyrCD|1 s able 1o interact with
OO and fluonde, wheress TyrB10 is mot directly involedin the ligand
subilization and plays onlya minor role. Therefore, the present case
i the first example of imvolvement of TyrBLO - albeit an indirect
one - (i the stabilization of the exogenous ligand. In fact, previowsly
we found that in the presence of the fluworide anionic ligand, which
can only accept H-bonds, TrpG8 and TyrD1 form strong H-bonds
with fluoride sine the WT protein i dursctenzed by 3 v(Fe-F)
sretch at 385 cm ™" In contrast, the YB10F-YCDIF-WGEF mutant
displayed the highest v Fe—F) stretch (471 cm— ') Thess results claarly
highlight that the heme environment, where luorde s sumounded by
thies Phe resdues, does not appear 1 be apolar s would be expected.
Accordingly, MD simulations indicated that two water molecules,
interactng with the coordinated fluride jon are sccommodated in
the sctive site. Unlike fluoride, kydroxide can sct &5 an H-bond donor
or soeepior. In addition, wheress TrpGE can aa a5 a potential yd rogen-
bond donor only, the tynosines can act as donor or acceptor. Theredore,
W Sugges T Tl in the present ake wheress TrpGE and TyrCDN stabili
the hydroxide by donating a protn, similar to the fluoride e, TwB10
a5 x5y H-bond smepior. In fact, crysil lographic data indicste that
the TynCD phenol hydroxide is directed toward the hydroge nbond co-
ordination sphere of the iron bound ligand, whereas the TyrB1 0 phenal
hydraxide isclearly direded "ofl 2s™ in the direction of the heme pro-
[pionate, with resped to theligand 10 this envisaged thatthe phenal ic
ancyge i atom of TyrB 10 may asume a conformation that is favorable for
2 hydrogen bond sooepror.

Wheress the w| Fe-DH) mode is very sensitive 1o the nature of the
distal residues, its frequency being markedly affected by the presene
ol H-bomds between the mgygen and polar residwes, the BR frequencies
al the CN conformers may be interpreted in terms of steric hindranees
within the distal cxvity. A CN— andon in the sbsence of any stenc hin-
drance shouwld bind to a ferric heme with a linear [upright) geometry_
I this case the & Fe-C-K| maode showld be RRE-inactive. However, devi-
atiors from linearity are possible and, in et are occasionally observed
i the X-ray sthsctures of complexes of heme proteins. Aoord-
inegly. the olvse rved of Fe-CN] and & Fe-C-N| Raman frequencies are sig-
niflcantdy scatiered since sterically enqumbering groups inclose contact
with the bound CN™ cause a bent Fe-(N unit and a decrexse of the
Fe-CN streiching frequendy |16}

The Fe-CN sretching frequency in various hemoproteins typically
Talls i the A00-460 cm ™" range. For instane, the v|Re-CN| RE bands
ol M and HbCN wereolserved around 452 o |17, which come-
sponds to 4 slightdy bent FeCN modety |18 In ot the v|Fe-CN| of an
unhindered Chbound heme complex was observed at 456 em™",
wherexi analogous strapped hemes_ in which the ligand binding i
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s@rically hindered by a [ CHz Jn-chain strap over the iron ai the CN~
binding i, dis played downshifted wFe-ON| requendes, ie between
447 and 445 em— " for n berween 15 and 13 |16]-

In the present cise, fof both proteins we obberve i main confrmer
charsasrized by viFe-CN| at sbout 440 em ™", more duan 10 an™"
lower than that of mammaian globing, with a smaller Esopc shift
(7 em™" ) than the expecied value for & linesr Fe-ON asallator, and &
&|Fe-C-N| at 380 em ™" (370 em™ " in the mutated protein) Therelore,
we propose that the Fe-C-N maiety sdopts i bent structure similar to
ather trumcated hemogloling [ 19-21 | which i maintained in the triple
mstant, where the polar residues are replaced by the mon-palar Phe. A
semnd less abundant conformer, & charscerized by a §|Fe-C-N|
Iband frequendy at 414 an™" (407 cm™ " in the mutant ) whose @ime-
sponding vFe-CH| hs not been clearly olserved, and likely has an
even les linear Fe- (N mgety. In (500 on the basis of normal-mode cal-
cullations | 12.22) it has been proposed that for the linear of sl ightly bent
conbormers the Fe— CN stretchingmode has a frequency higher than the
bending mode. wheress the strongly bentoontor mer exhilis a reverse
parern inwhich the frequency of the bending mode is higher than that
al the sretdhing mode.

Similar results have been abtained for the N adduct of the single
domain Hb from Campplobocter jejuni The two conformers have been
msigned © a “linear™ Fe-C-N moiery [v{Fe-CH| at 440 cm— " and
&{Fe-C-N| at 4083 an™") and a “bent” fom (v{Fe-CN| at 353 cm™"
and &Fe-C-N| at 417 em™") 23] The commes ponding X-ray strudire
[ZWY4) indeed shows an almost Inear Fe-CN unit [ 176%) with a
srong H-bond between the cyanide lon and the TywE1D resdue

A combination of RR and X-ray data of cyanide com plexes of rim-
cated bacterial heme proteins is svailshle only for Ohlany domanos
eugamelas i In the wild-type protein, the highly constr sined stnue-
ture of the Fe-C-N moiety & a resull of disml inersdions. In {act, the
v{Fe-CN] at 440 cm—" in the native protein shifts up to 452 cm ' in

the GINEFGlY mutant, consistent with a maore relaxed strudure in the
mwtant. Conversely, when the TyrB10 is mucsted to Leu, the o Fe-N)
fre quency shifs down to 435 em—", ind icating aneven more constrained
structure |19 Welound asomewhat rel fed stuston in amulsted plant
hemoglabin from Ambidopeis thaliona In that case, the w(Fe-ON) fre-
quendy for the mmplex of the native proenwas at454 an—". Mutition
of the distsl Phe residue to Lewinduced & downshift 1o 439 an ", pos-
Silbly due 1o an increxsed steric hindrance, wherexs the distal His o
Leu mutation lead 1o & w[Fe-CN) at 457 cm— ", corresponding 1o an
unltindered FeCN maoiety |24

‘We finally note that the similarity of the BR resulis obtained for
native TI-trH and the triple mutant suggests that H-bonding interac-
tias with the ayanide ligand have negligible eflects. However, distal
H-bonding with water malecules may be present in the mutant as
well, similar 1o the case of the Nluoride sddua |3) Preliminary MD
simulations on the WT and the wiple mutant indicate that in both
cases the CN™ ligand is strongly H-bonded In the native protein the
H-bonds are donaied by the TrpGs and TyiCD1 residues, whereas in
thetriple mutant, iwo waer moleciules interacting with the coordinated
cyanide jon are sccommadated into the sctive site [ data nat shown)

5. Comelus ons and perspectives

I conclision, we hive demonstrated how com pleme nLany s
tural information can be obtained by a4 combination of RR speara,
EPRspectraand MD simudations of the cyanide and hydradde amplexes
o ThrHb. Whereas the effect of distal H-bonding an the o Fe-0H) band
hasbesn rational i d, furter studies are neessary to hghlight thecome-
Lation berwesn BR Fe-ON frequendes, X-ray strocunes, and MDD simuls-
tions, taking ing scovmt the effea of both seric effeas and H-bonding
inEraTions.
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Abstract

Much interest has been generated in the field of organisms adapted to extreme temperature
conditions. both from a biophysical or biotechnological point of view. Understanding the molecular
mechanism that allows proteins to be functional at extreme high and low temperatures is one of the
key issues in structural biology. Although the global structure of homologous proteins belonging to
extreme temperature conditions adapted and non-adapted organisms barely differs between them.
their thermal stability characteristic is quite different. We perform Molecular Dynamics (MD)
simulations at 300K and 360K and thermal melting profiles measurements of two member of the
truncated hemoglobin subfamily belonging to the thermophile Thermebifida fissca (Tf-trHbO) and
the mesophile Mycobacterium tuberculosis (Mt-trHbO) microorganisms. In this work, several
analyses are considering in order to understand molecular basis of thermal stability of these
proteins. Particularly. regarding polar interactions. no clear differences are observed taking into
account the total number of H-bonds interactions comparing both proteins. However, significant
number increase of salt-bridges was measured upon increasing the temperature for Tf-trHbO.
gaining interactions that account for the folded state. Our results over wild fype and mutant proteins
analyses also provide theoretical and experimental evidence of a singular proline role that make
possible a significant thermal stability shift. We found that the presence/absence of a key proline
causes a ferciary distortion on the native fold favoring CD loop high local flexibility. This proline
residue not only gives more flexibility to the CD loop. also allows forming new intramolecular
interactions that stabilize the protein native state. On this basement. melting temperature
measurements contfirm that this specific residue is able to increases (by 8 degrees) or decreases (by
4 degrees) T, in Mt-trHbO and Tf-trHbO. respectively. We present a clear thermal stability shift by
changing only this single residue. suggesting that structural and dynamical involved behaviors are
responsible for protein thermal stability.

Keywords: truncated hemoglobin, thermostability. Thermobifida fisca. Mycobacterium
tuberculosis, molecular dynamics. folding.
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Introduction

In nature there are many examples of organisms adapted to high temperatures. They can be
classified as thermophiles with optimal growth temperatures between 333K and 353K. and
hyperthermophiles with optimal growth temperatures between 353K and 383K. compared to the
non-adapted mesophiles with optimal growth between 298K and 323K. Generally. enzymes
belonging to these adapted organisms are also thermostable enzymes with 7,,. the temperature at
which 50% of the proteins are folded. close to the organism’s optimal growth temperature[1]. The
thermostable protein most studied is the rubredoxin. from Pyrococcusfuriosus, which presents a
global unfolding rate of 10% 57 at 373K[2].

Homologous enzymes from adapted and non-adapted organisms present the same catalytic
mechanisms, high sequence identity and also share a highly similar global structure[3—5]. Due to
this structural similarity between the thermostable and non-thermostable enzymes, it is not trivial to
rationalize the differential adaptation to a high temperature at the molecular level. Indeed. an
understanding of the physicochemical features that determine thermal stability still remains as one
of the key issues in protein biophysics. Moreover, there is an increasing interest in the use of
modified proteins/enzymes with enhanced thermal stability for solving different tasks in
biotechnology[6-8].

It has been proposed that thermostability is strictly related to the flexibility of the protein.
Assuming that both thermostable and non-thermostable homologues enzymes perform the same
function at different temperatures. and that the protein function is related to a certain degree of
flexibility, the thermostable protein may have less flexibility at the same temperature. Increased
rigidity of the folded state at room temperature would thus be related to an increased thermal
stability. The lack of flexibility would also explain why thermophiles and hyperthermopiles are
inactive at low temperatures. Many theoretical and experimental approaches support that
thermophiles are more rigid at normal temperatures compared to their homologous non-
thermostable proteins[9-13], although new results coming from amide exchange experiments
contradict the proposed hypothesis[14] thus opening the discussion about the relationship between
flexibility and thermal stability.

According to the folding theory. the melting temperature (T},) is related to the gap between the
effective or free energy (averaged over the solvent degrees of freedom) of the folded state vs all the
possible unfolded states[15]. Therefore. a large amount of hydrophilic as well as hydrophobic
(related to the water entropic gain) contacts in the folded state compared to the ones observed in the
unfolded state would favor alarger T, The number of hydrogen bonds (H-Bonds). mainly through
internal residues themselves, and also salt-bridges were additionally found to correlate with thermal
stability[16].

On the other hand. proteins have to loose configurational entropy to reach the folded state.
since their configurational space is enormous in the unfolded state. but very narrow in the folded
state. So, any process that helps fo decrease the configurational entropy in the unfolded state, allows
the system to stabilize the folded state at higher temperatures. thus increasing T,[17]. This is
observed. for example. in membrane proteins where the membrane restricts the conformations of
the protein thus increasing the temperature at which the system reaches the unique conformation
that characterizes the folded state[18]. Considering that each backbone residue is able to explore
different configurational space depending on the residue. it was proposed that the presence of more
rigid backbone residues, such as prolines, are responsible for an increase thermostability through
reducing the configurational entropy{17]. Minor trends have been observed where all the residues.
including prolines, from mesophilic and hyperthermophilic proteins are compared[19]. In this
context, although many hypotheses were proposed. none of them are conclusive neither absolute to
explain the thermostability from a rational view.
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Regarding temperature perturbation. we can consider the thermostability issue as how
temperature atfects protein conformational sampling. and how this affects protein function. In this
article we focusedonly on the first part of the problem. which is how the temperature affects
conformational sampling, specifically considering differences between the thermostable and non-
thermostable proteins. We also addressed on how the thermostable proteins handle the temperature
increase and avoid being unfolded.

Two members of the subfamily of truncated hemoglobins (trHb) were studied: the tHb
belonging to the thermophilic microorganism Thermobifida fiusca (Ti-trHbO). with an optimal
growth temperature of 333K[21]. and the trHb from the mesophilic microorganism Mycobacterium
tuberculosis (Mt-trHbO)[22], having the optimal growth temperature at 298K. Both proteins have
58% sequence identity and a highly similar tertiary structure[21]. By performing Molecular
Dynamics (MD) simulations and thermal unfolding measurements of the wild fype (wt) and crossed
mutants of these trHbs members. we were able to understand the responsible differences for
thermostable and non-thermostable proteins dealing with temperature perturbation. Particularly. we
propose a mechanism by which the thermostable protein is able to avoid the unfolding process at
high temperatures. The Tf-trHbO has a flexible loop through which it can concentrate most of its
fluctuations, thus avoiding the unfolding process. We found that the flexibility of the loop is
controlled by the presence or absence of a proline residue. The lack of a flexible loop in the non-
thermostable protein spreads the fluctuations over the entire protein, especially the termini. thus
beginning the protein unfolding process at high temperatures.

Methods

Computer simulations. Crystal structures of both wt ttHbs, Tf-uHbO (PDB ID 2BMM [21]) and
Mt-trHbO (PDB ID INGK [22]) were used as starting points for all the MD simulations. Although
Tf-tHbO crystal structure lacks around 30 amino acids from each protein extremes. there are
several previous works were structural and functional properties had been reproduced by
simulations and validated by experimental methods[23—26]. Mutant proteins. i.e. ProE3Gly Tf-
trHbO and GlyE3Pro Mi-trHbO. were built in-silico by changing the corresponding amino acid in
the original structure and allowing the system to equilibrate in order to avoid any possible crashes
of the system. Amino acids protonation states were assumed to correspond to those at physiological
pH. all solvent exposed His were protonated at the N-& delta atom. as well as HisF8, which is
coordinated to the heme iron. The systems were immersed in a pre-equilibrated octahedral box of
10 A of radius with ~4910 TIP3P water molecules using the tLEaP module of the AMBERII
package[27]. Residue parameters correspond to parm99 AMBERI11 force field[28] except for the
heme which correspond to those developed[29] and widely used in several heme-proteins
studies[30-36]. All simulations were performed using periodic boundary conditions with a 9 A
cutoff and particle mesh Ewald (PME) summation method for treating the electrostatic interactions.
The bond lengths involving hydrogen atoms were kept at their equilibrinm distance by using the
SHAKE algorithm, while temperature and pressure where kept constant with Langevin thermostat
and barostat. respectively. as implemented in the AMBERIL program[27]. A minimization of the
crystal structures was performed to optimize any possible structural clashes using Sander module of
AMBER.11 package carrying out 1000 cycles of Steepest Descent algorithm. Equilibration protocol
was performed as follows: the systems were heated slowly from 0 to 300K for 20ps at constant
pressure (1 atm), with harmonic restraints of 80 Kcal per mol A? for all C, atoms and then a
pressure equilibration of the entire system simulated for 2ns at 300K with the same restrained
atoms. In the case of the systems simulated at high temperature (360K). after the equilibration at
300K. the systems were heated from 300K to 360K for 20ps and equilibrated for 2ns. These
equilibrated structures were the starting points for the MD simulations productions. We performed
100ns of MD of deoxy forms of wt and in-silico mutants of both proteins using the AMBER11-99
force field[28]. all of them at 300K and 360K. All simulations productions were performed with
pmemd module of AMBERI11 package[27].
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Genetic Engineering Procedures. ProE3Gly Tf-uHbO and GIlyE3Pro Mt-trHbO mutants were
obtained by PCR. onplasmid pET28b-trtfHb and pEt28b-MthbO respectively as a DNA template.
Site-directed mutagenesis was conducted with the Quickchange mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. using complementary oligonucleotide pairs
introducing the amino acid substitutions. The mutants were transformed into E. coli XL1 Blue
competent cells. selected on kanamycin plates. and screened by DNA sequencing. Plasmid DNA
bearing the gene with the desired mutation was then transformed into E. coli BL21(DE3) cells
(Novagen) for expression.

Profein expression and purification. E. coli cells expressing the wt trHbs and their mutants were
grown in Luria-Bertani medium containing 30 mg/L kanamycin at 37 °C. When ODgy=0.6 protein
expression was induced overnight with 1 mM IPTG at 37 °C for wt Tf-tHbO and ProE3Gly Tf-
trHbO and at 25 °C for wt Mt-trHbO and GIyE3Pro Mt-trHbO. Cells were recovered by
centrifugation at 13000 1pm. resuspended in a minimum volume of lysis buffer (20mM phosphate
buffer pH 7 supplemented with complete one Roche protease inhibitor cocktail) and sonicated until
the supernatant was reddish and clear. After centrifugation at 12000 rpm for 40 min at 4 °C, the
pellet was resuspended in 20 mM phosphate buffer pH 7 containing 6M urea under stirring for 1h
and centrifugated again in the same condition. The supernatant was loaded on a DEAE-cellulose
column (Whatman International Ltd, Maidstone, UK) equilibrated with 20 mM phosphate buffer pH
7 (buffer A) and extensively washed with the same buffer. Protein was eluted with a linear gradient
of NaCl in buffer A, dialyzed versus 100 mM phosphate buffer pH 7 and titered with hemin while
monitored by an UV-Vis spectrophotometer. Purified reconstituted proteins were dialyzed versus
buffer A and loaded again on DEAE-cellulose column in order to eliminate the excess of hemin.
The protein purity was confirmed by a single band at about 15.000 Da on a SDS-PAGE.

Thermal unfolding analysis. Thermal unfolding experiments in the far-UV region were carried
out by measuring circular dichroism spectra on a JascoJ-715 spectropolarimeter as reported in
|[)Q(]|. Melting profiles were measured on the cyano-met derivatives of all proteins in a 0.1cm
quartz cell at protein concentrations of 10-20 uM [heme by following the circular dichroism signal at
225 nm. Denaturation free energies were determined in temperature-melting experiments at
different GdmCl (Sigma-Aldrich. St. Louis. MO) concentrations. assuming a two-state model. in
the framework of the Gibbs-Helmotz equation:

TAH;,
AGyp = AHyp, —

+AC, [T =T, — T In(T/T,)]

m

Accordingly, the fitting of the melting profiles as a function of T yielded the unfolding enthalpy.
AHp, . the melting temperature, T, . and the heat capacity change associated fo the unfolding
process, AC;'. Two sloped baselines were also fitted to take into account temperature-dependent
effects uncorrelated with the cooperative folding process[37].

GdmCl denaturation experiments were carried out in 50 mM phosphate buffer containing 2 mM
KCN at pH 7.0 and 25 °C. Experiments were carried out by monitoring the far-UV circular
dichroism spectra. The circular dichroism signal at 225 nm as a function of GdmCl concentration
was followed with a slit aperture of 4 nm. In the experiments (T = 25 °C) samples were equilibrated
for 4 h in GdmCl before measurement. Full reversibility of the denaturation process was observed
under these conditions. Solvent denaturation curves were fitted to the simple two state model
according to the formalism described by Clarke et al.[38]:

AGEET = AGEET™ —m[GdmCl]
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where AGES™Y is the solvent-dependent denaturation free energy. AG, ., is the unfolding free

energy in water and m is a fitting constant representing the differential binding of GdmCl between
the folded and unfolded state. Least squares minimizations were carried out by the MATLAB 6.0
program (South Natick, MA).

Results and discussion

Protein dynamics on femperature shift. In order to address the differences of thermal stability
between both Tf-trHbO and Mt-trHbO. 100ns of unconstrained MD simulations for each protein at
room (300K) and high temperature (360K) were performed. Analysis of the Root Mean Square
Deviation and Fluctuations (RMSD and RMSF). as well as a close monitoring of MD simulations
show that no difference between both thermostable and the non-thermostable proteins at room
temperature are observed in terms of protein structural motions, giving a ARMSF average value of
0.08 = 0.22 A, in disagreement with the hypothesis about the decrease of flexibility of the
thermostable one. Furthermore, these results reveal that wt Tf-trHbO concentrates a high
fluctuations degree in a flexible loop between C and E helices, called CD loop. and conserves the
overall fold even at high temperature (see Table 1 and Figures 1.A. 2.A). On the other hand. wt Mt-
trHbO presents a very rigid CD loop and concentrates many fluctuations at both amino and
carboxyl-terminal regions of the protein (Figure 1.B. 2.B). This increased flexibility at the terminal
residues of the protein causes what seems to be an onset of the unfolding process.

Ti-trHbO Mt-trHbO
300K 360K 300K 360K
v Complete 1.10=0.13 1.98+0.33 1.08+0.14 3.03x0.62
.% No terminal 1.00+0.11 1.48=+0.24 0387+0.14 1.35+0.23
= Only terminal 1.25+£0.19 2.18x044 137024 521%1.30
= Terminal and CD loop 1.31£0.20 2.58+0.47 1.35+0.22 487x1.17
- Complete - 1.91 £0.41 - 2.03+0.37
§ No terminal - 1.35+0.18 - 1.46 £0.22
S Only terminal - 2.65=0.90 - 2.84£0.76
" Terminal and CD loop - 246=0.75 H 1.69 + 0.65

Table 1. RMSD and standard deviation values (A) for wt and mutant proteins. i.e. ProE3GlyTf-
tHbO and GIyE3Pro Mit-trHbO at different temperatures, 300K and 360K. RMSD values
considering the complete protein. with no terminal residues (first and last 12 residues). with only
terminal residues and terminal and CD loop residues were calculated.
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Figure 1. RMSF analysis for wt Ti-ttHbO (A) and Mi-trHbO (B) proteins at different
temperatures, 300K (black lines) and 360K (red lines). Differential and significant behaviors
between both proteins are highlighted in green. Region between residues 35 to 42 in T{-ttHbO (A)
corresponds to CD loop secondary structure, instead of for Mt-trHbO (B) it is between residues 37
to 44.

A B
Tf-trHbO Mt-trHbO

Figure 2, CD loop conformations during MD simulations for wt T{-ttHbO (A) and Mt-trHbO
(B) at 360K. Snapshots are colored according to timestep, on a green-white-red color scale.

A microscopic observation evidences an incipient breakage of a nine residues long o-helix,
called E o-helix. contiguous to the CD loop and towards the C-terminal that is broken during MD
simulations of wt Tf-trHbO (Figure 2.A. 3.A). Although both proteins share most of the identity of
these nine residues (Figure 3, on the bottom), an incipient E v-helix formation is observed in wt Mt-
rHbLO (Figure 3.B). As is well known. due to side chain consfraints and sterics, the prolines are
unable to satisty the Ramachandran angles requisite for the u-helix formation. In this sense. on one
hand. their side chain is cramped into the e-helix backbone space and. on the other, the methyle
group is in the space that would normally be occupied by an H-bonding amide proton, thus
disrupting the H-bond network of the helix. In wt Tf-trHbO, a proline at E3 position (ProE3) was
observed to destabilize the E u-helix formation, causing the breakage of the H-bond interaction
between AspCDS5 and AlaE4 residues (Figure 3). Mt-trHbO has a glycine at E3 (GIyE3) that keeps
the H-bond between AspCD5 and AlaE4, thus stabilizing the E o-helix complex formation is
observed.
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Figure 3. At the top: incipient breakage (A) / formation (B) of E ¢-helix complex close by to CD
loop secondary structure (in red) since the presence of different residues at E3 position. ProE3 in wt
Tf-trHbO and GIyE3 in wt Mt-trHbO. The incipient beginning of the E @-helix complex in Mt-
trHbO due to the H-bond interaction between AspCDS and AlaE4 reducing the loop length could be
observed. On the bottom: amino acids sequence on the one letter code for CD loop and nearby
residues in studied proteins. Information about secondary structure is also shown. Pro and Gly
residues at E3 position are highlighted in red.

In-silico mutant protein dynamics. Taking into account that the residue at E3 position seems fo
be responsible of the CD loop flexibility at high temperatures, and thus to be involved in thermal
stability, we performed MD simulations of the two crossed mutants: a Ti-trtHbO where ProE3 was
replaced by Gly (ProE3Gly Ti-trHbO). and a Mt-trHbO where GIyE3 was replaced by Pro
(GIlyE3Pro Mt-trHbO). The results show that the mutation in ProE4Gly Tf-trHbO makes a subtle
increase of their N-terminal flexibility and restricts in a very significant way the CD loop flexibility
(Figure 4.A). also disposing a reasonable local structural accommodation for the incipient formation
of E a-helix complex. On the other hand. a marked decrease of C-terminal flexibility degree in
GIyE3Pro Mt-trHbO was observed. As expected, a little flexibility gain of its CD loop (Figure 4.B)
together with an abatement of incipient E u-helix complex interactions were displayed. In the latest
case. no clear breakage of E u-helix complex was detected. maybe due to the simulation timescale
and/or force field limitations.

These results revealed by in-silice mutant simulations support the fact of the relevance of E3
residue in the dynamics of the CD loop and suggest an interesting role on the global fold thermal
stability.
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Figure 4. RMSF analysis for wt vs ProE3Gly Tf-trtHbO (A) and wt vs GlyE3Pro Mi-trHbO
proteins (B). all at 360K. Wt proteins are shown in red. Significant differences on both CD loops
and extremes fluctuations are highlighted in green. Arrows show fluctuations changes upon in-sifico
mutation.

Polar interactions of wt and mutants Mt-trHbO and Tf-trHbO proteins. Sequence analysis of
both proteins evidences that the thermostable protein has an overall enrichment in charged residues
Arg, Lys. Asp or Glu over the mesophilic (54 vs 41). Despite the observed differences in the total
amount of charged residues, the number of polar interactions (H-bonds and salt-bridges) observed
through MD simulations is similar at room temperature (Table 2). Upon increasing the temperature
until 360K both proteins undergo a loss of polar interactions. mainly the protein-solvent ones (Table
2). However, regarding to salt-bridges interactions. the observed trend is quite different. Wt Ti-
trHbO show an increment of ~6 salt-bridges interactions at 360K due to the gained CD loop high
flexibility. which facilitates salt-bridges interactions between CD loop and B o-helix complex
charged residues as shown in Figure S3. Regarding the latest phenomenon, comparing obtained
values at high temperature for wt and GlyE3Pro Mt-trtHbO on Table 2. the same trend is observed.
where a single residue mufation promote the greater CD loop flexibility and consequent new salt-
bridges interactions. In summary. both proteins offer comparable amounts of polar interactions in
the folded state. and H-bonds interactions seems to be affected similarly by the temperature
increasing shift. On the other hand. a clear difference considering only salt-bridges interactions was
detected, where the number of it was raised on ProE3 presence upon increasing the temperature.
gaining interactions in the folded state.

Tf-trHbO Mt-trHbO
300K 360K 300K 360K
. Salt-bridges 17x1 232 17x2 162
=% Hbondsntra 5325 50=5 57+5 464
H-bonds-Total 23012 18911 241 =13 201+12
= Salt-bridges - 182 - 23+1
-§ H-bonds-Intra - 47x5 - 525
= H-bonds-Total - 190 =12 K 20112

Table 2. Number of polar interactions (salt-bridges and H-bonds) calculated for wt and mutant
proteins at 300K and 360K during 100ns of unconstrained MD simulations are shown. Salt-bridges
and H-bonds are defined considering a cut-off distance less than 3.3 A between the two charged or
electronegative atoms respectively.

Thermal melting measurement of wt and mutant protfeins. For the purpose of determining and
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characterizing possible thermodynamic properties that could be modified by changing only the E3
residue, temperature dependence of the circular dichroism signal at 225 nm has been examined for
wt and mutant Tf-trHbO and Mt-trHbO cyano-met holoproteins. respectively. as a function of
GdmCl concentration. The observed profiles, fitted to a single. two-state unfolding process under
the assumption of temperature independent AC, (see supporting information, Figure S1). bring
about a clear picture on the thermodynamic determinants of thermostability on both proteins and
their mutants. As expected, analysis of the thermal melting profiles data indicate that Tf-trHDO is
indeed significantly more thermostable than Mt-trHbO under all conditions examined, showing a Tp,
of 348K compared to 330K. It is also noteworthy that both Tf-trHbO, Mt-trHbO and their mutants
are characterized by similar AC, values (see Table 3) and comparable solvent stabilities, as
indicated by isothermal GdmC] denaturation experiments (see supporting information. Figure S2).
The thermal behavior of Tf-trHbO with respect to the ProE3Gly mutant is intriguing in that a
sizeable decrease in T, and AC, values is observed in the mutated protein (see Figure 5). In
particular, the T, values of wt and mutated proteins, 348K and 344K respectively. are strongly
divergent in buffer but merge by increasing GdmCl concentration (see Figure 5). In other words.
GdmCl appears to “quench” the effect of the mutation on the thermal melting profile, such that, at
GdmCl concentrations higher than 2 M. the unfolding line shapes are almost superimposable in the
native protein and in the mutant. In structural terms, the CD loop region appears to be destabilized
by the presence of a highly polar cosolvent much in the same way as it is destabilized by the
ProE3Gly mutation. This is expected because H-bond network that allow the stabilization of other
conformations on this loop seems fo be disrupted by guanidine molecules due to the fact that
relevant charged residues are on the protein surface, where solvent molecules have a complete
access (Figure S3). As shown in Figure S3. the thermodynamic interpretation is consistent with the
role of the H-bonded network within the CD loop. which is most likely destabilized in the presence
of GdmC1 or by substitution of the rotamerically rigid proline with the flexible glycine residues.
The energetic balance. i.e. the AAG,,s (Wt minus mutant) accounts for about 1 kcal/mol, a figure that
is also consistent with a balance in which several H-bonds are formed and disrupted, 7. e. H-bonds
that stabilize CD loop conformations are broken and those involved on o-helix complex are formed.
Thermal and chemical unfolding data for Mt-trHbO and its GlyE3Pro mutant indicate a reverse,
though not specular, picture with respect to Tf-trHbO and its ProE3Gly mutant. Actually. the
substitution of GIyE3 into proline. in a topologically analogous position with respect to Tf-trHb.
brings about a clear increase in the T, from 330K to 338K, and AH,,s values and a AAG,s (Wt
minus mutant) increase of 0.5 keal/mol. |At variance with Tf-trHbO (see Figure 5.B). however, the
quenching effect of GdmCl is observed to a lesser extent with respect to Ti-trHbO. On this
basementf the structural basis for increase in thermostability upon GlyE3Pro mutation in Mt-trHbO
is most likely explained in terms of additional structure stabilizing interactions in the former
protein, combined with the contribution of the new polar interactions established on overall fold.
The topological positions within the CD loop and closest regions (ten residues in length. see Figure
3. on the bottom) thus appear to play a pivotal role within the unfolding process and confirm that in
the thermostable protein, the ProE3 imposes a structural constraint by impairing the o-helix
formation towards the C-terminal, whereas in the non-thermostable protein the GIyE3 residue take
its place without any possible structural hindrance, allowing the formation of the o-helix complex.
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Figure 5. Temperature dependence of AHy ~for wt and ProE3Gly Tf-ttHbO (A) and wt and
GlyE3Pro Mt-tHbO (B) tHbs. The thermodynamic parameters AHr_and Ty, obtained from the
fitting procedure of the melting profiles of Figure 1S are shown as a function of GdmCl
concentration (0.5. 1. 1.5 and 2 M. respectively). The slopes yielded values of AC} (keal-mol T-K ™)
of 1.55 £ 0.09 for wt Tf-trHbO (o), 1.22= 0.07 for ProE3Gly Tf-trHbO (m) and 1.20x 0.04 for wt
Mt-trHbO (o). 1.29 = 0.03 for GIyE3Pro Mt-trHbO (o), respectively.

m AGpr Acp Tn
(keal'mol ™y M~ keal-mol™ keal'mol K™ K
% wt 2.7x0.07 9.1=0.02 1.55+£0.08 348

W
& E ProE3Gly 2.320.05 8§.2+0.02 1.22+0.09 344
) % wit 2.1=0.04 7.4=0.01 1.20£0.05 330
= T  GlyE3Pro 2.420.05 7.920.01 1.29 = 0.07 338

Table 3.Thermodynamic parameters obtained from the curve fitting of guanidine denaturation
experiments shown in Fig. S2 (m and AGuys) and from linear fitting of Fig. 1 (Acp). Curve fitting for
GdmC1 experiments were carried out according fo the formalism used by Clatke ef al[38].
Experimental conditions: T = 25 °C. 50 mM phosphate buffer at pH 7.0 containing 2 mM KCN.

Discussion

Flexibility at the temperature shift. The aim of this study was to shed light on the molecular
mechanism of thermal stability in truncated hemoglobins. Our theoretical and experimental results
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demonstrated that besides of some variations at sequence level. there are important dynamical and
structural differences between thermostable and non-thermostable ttHbs under high temperature
perturbation. MD simulations allowed us to inquire if thermostability correlates with
rigidity/flexibility of protein structure. Comparing wt trHbs belonging to thermophilic and
mesophilic microorganisms. no significant differences on residue flexibilities were observed at
room temperature. Similar results were observed previously by performing amide exchange
experiments[14]. although other theoretical and experimental evidence had showed differential
degree of flexibility for thermostable and non-thermostable proteins[9-13].

Polar interactions at room femperature. No substantial differences were observed in the number
of polar interactions (H-bonds and salt-bridges) between thermostable and non-thermostable trHbs.
It was mentioned that T,, is related to the difference between the energy of the folded state vs the
unfolded but collapsed states. Despite of no data about the polar interactions in the unfolded (but
collapsed) state were given. it is known that Tf-trHbO presents 7 more charged residues than Mt-
trHbO. This excess of charged residues may confribute to the unfolded state stabilization of Tf-
tHbO compared to Mt-trHbO because of the interaction with solvent molecules, and thus
compensates the higher stabilization of the folded Tf-trHbO compared to Mt-trHbO.

Polar interactions at high temperature. When the temperature is increased from 300K to 360K
both proteins loose several H-bonds, mainly residue-water interactions. It means that both proteins
are affected in a similar way by the temperature perturbation shift considering H-bonds interactions.
Inferestingly. wt Tf-oHO increases their number of salt-bridges inferactions upon temperature
increase. whereas Mt-trHbO does not. This fact may be related to a previous observation about the
lack of first solvation shells at high temperatures[39]. [40]. and this is possible in Tf-trHbO due to
structural accommodations where swrface charged residues are now able to form salt-bridges
interactions. such as shown in Figure S3. This phenomenon involves a decrease in magnitude of the
solvation free energy of a charged residue at high temperatures. which is in energetic balance with
increased Coulombic and electrostatic interactions of side-chains of surface charged residues,
enhancing the global fold stability against temperature perturbation. However, the number of salt-
bridges interactions does not increase in wt Mt-trHbO case, due to a structural inability to form
those salt-bridges interactions because of a short CD loop. Since in GlyE3Pro Mt-trHbO protein the
environment of the CD loop is almost the same as in wt Tf-trHbO. with a longer loop. the same
increase of salt-bridges amount was observed. gaining interactions that account for the folded state.
Interestingly. a single residue. a proline. not only gives more flexibility to the CD loop. also allows
forming new interactions that stabilize the protein native state.

Configurational enfropy. It was proposed that prolines increase Ty by reducing the
configurational entropy of the proteins for having more rigid backbones[17]. This interesting
hypothesis considers only the primary structure of the protein. and does not consider the secondary
and tertiary structure changes that these residues cause. By performing MD simulations of wt and
mutant trHbs. we found that the presence of a specific proline. ProE3. allows the CD loop to gain
flexibility in the native state. The fact that these fluctuations are concentrated in a flexible loop
seems stabilize the folded state. Melting temperature measurements of Mt-trtHbO and Tf-ttHbO and
the crossed mutants GIyE3Pro Mt-trHbO and ProE3Gly Tf-trHbO confirm that a specific residue is
able to increases (by 8 degrees) or decreases (by 4 degrees) T, in the corresponding protein.
Therefore, we propose that the increase of the measured melting temperature is related to a terciary
distortion produced only by the ProE3. Specifically. ProE3 unlocks the CD loop which can now
fluctuates more actively and interacts with B @-helix complex residues. thus stabilizing the folded
state.

This study elucidated the importance of loop flexibility in truncated hemoglobin thermal
stability. and our structural/dynamical approach can be applied as a thermostabilization strategy at
least for this subfamily of proteins.
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