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Introduction

Proteins are dynamical objects which can assume different functional

states; each of them being characterized by a vers; large number of nearly isoen-
ergetic conformational substates (CS) (1,2] that may be modulated by external
agents such as pressure, pH and solvent [3-8], Sampling of CS is relevant to
the biological functionality of proteins, since molecules encompass a wide range
of structures which perform the same function but with different rates (6], At
room temperature, a protein molecule moves from one substate to another, with
rates depending on both the protein structure and the medium in which the
molecule is embedded 4 (=9, By decreasing temperature, a protein solution
undergoes a glass—like transition and biomolecules may be frozen in many dif-
ferent CS whose distribution is connected with the dynamic properties of the
protein—solvent system at physiological temperatures [10],
Myoglobin (Mb), one of the most studied proteins, represents a sort of guide to
investigate the relationship among the presence of CS distribution, dynamics
and functionality. At present, most of this information comes from optical
spectroscopic studies on the CO rebinding kinetics performed on Mb solutions
at different temperatures (14], Ho’wever, for this kind of studies the samples
must be transparent and such a goal is currently achieved by adding more than
50% by volume of either glycerol or ethylene glycol to protein aqueous solutions.

Quite recently, electron paramagnetic resonance (EPR) spectroscopy has

been revealed to be a promising tool to investigate the GS3 distribution in



metallo-proteins (1112, The underlying idea is that the presence of a CS dis-
tribution entails a distribution of some of the metal ion crystal field parameters
and, consequently, characteristic features appear in the spectra. Therefore,
EPR, which does not require any added solvent and, at the same time, can
be performed in the presence of different solvents, results particularly suitable
to the study of the connection between CS distribution and dynamics of the

protein—solvent system.

In the present work, EPR spectroscopy has been applied to investigate the
presence of CS in Mb. In particular, the possible mechanisms involved in the
coupling among solvent, CS distribution and the arrangement of the metal ion

in the heme—group have been analyzed in detail.

The thesis is organized as follows. In Chapter 1, an introduction to CS in pro-
teins, and in particular in Mb, is presented. Some implications of the presence
of CS distribution for protein dynamics, and the connections with the behaviour

of other complex systems, are briefly discussed.

The general principles of EPR spectroscopy and the experimental apparatus are
briefly reviewed in Chapter 2. Moreover, the electronic structure of the ferric
ion in the cubic ligand field of the heme-group with some details concerning
the high spin configuration, particularly relevant for our analysis, are therein
discussed. Finally, the simulation method employed to analyze the EPR spectra

of high spin ferric heme-proteins is reported.

In Chapter 3, the EPR spectra of high spin ferric Mb at different conditions are
carefully analyzed in terms of the distributions of two metal ion crystal field
parameters. These distributions are shown to be dependent on i) the solvent
used; ii) the pH of the solutions and iii) the cooling rate to which the samples

were submitted. The connection between the widths of these distributions and
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the CS distribution is discussed.

In Chapter 4, the crystal field parameter distributions have been interpreted, by
an approach based on the angular overlap method (AOM), in terms of distribu-
tions of some parameters characterizing the heme-group. In particular, it has
been shown that the iron-porphyrin displacement is distributed as consequence
of the presence of CS distribution.

Finally, in Conclusions, some notes concerning the applicability of EPR spec-
troscopy to extract information about CS distribution in Mb samples, are briefly

presented.



Chapter 1

Proteins dynamics:

an approach based
on the CS distribution

1.1 Proteins : structure, dynamics and functionality

Proteins, essential components of all living organisms, are responsible for a wide
range of biological functions. An important characteristic of proteins is their
specificity; it can be found a very large number of different protein molecules,
each one built to perform a very particular function.

Proteins are large molecules whose basic component is the polypeptide chain,
an unbranched polymer consisting of a sequence of amino-acid residues, com-
plemented, in some cases, by one or more prosthetic groups. The polypeptide
chain of globular proteins is folded, in water, compactly into a characteristic
three dimensional structure. Different kinds of interactions, between protein-
protein, protein—solvent, solvent——soivent, stabilize the protein structure.

The biological functionality of proteins, in many cases, requires the presence at
least of two different states; the passage from one state to another can involve

deep changes in the overall protein structure.
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Covalent and non—covalent bonds, in proteins, are permissive of different types
of internal motions that cover a large range in magnitude (from hundredths of
an angstrom to tens of angstroms), and an enormous range in time (from sub-
picoseconds to seconds). Some of these motions are known to have a functional
role since they are involved into the passage from one state to another state.
In order to interpret internal motions of proteins within each state, two basic
models have been proposed. The first model assumes that the atomic motions
arise from harmonic vibrations within a single multidimensional potential [13:14);
the second model is based on a multiminimum surface where the motions are
superposition of oscillations within a well and transitions among different wells
[6,15] In the last model, the protein can assume a very large number of sub-
states called conformational substates (CS), which differ among them for what
concerns structural details. The last model has been supported by different
kinds of analysis, for example, X-ray diffraction (1%, Mdssbauer spectroscopy
[17) inelastic neutron scattering (18,19] flash photolysis experiments (6], molec-
ular dynamics simulations (18], from these analyses, it comes out that the side
chains of amino-acids and the hydrogen bonds in proteins can assume a variety
of slightly different positions.

These CS are assumed to have, at physiological temperature, a biological role;
in fact, molecules in different substates perform the same function but possi-
bly with different rates (6], Moreover, the coupling (through the fluctuation-
dissipation theorem [29]), between the equilibrium ﬂuétuations, which charac-
terize a protein molecule in equilibrium at high temperature, and the so called
functionally important motions, related to transitions from one state to another

one, causes dynamics and functionality to be strictly correlated.
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1.2 Proteins as complex systems

Proteins show a close similarity with other complex systems like glasses (2122,
spin glasses (2324 neural networks (28],

Complexity, in natural systems, typically arises from the collective effect of a
large number of simple components. Moreover, systems consisting of simple
parts behave with a degree of complexity which is intimately related to the

s [26:27] The presence of

diversity of the interactions present in the system
many amino-acid residues and the high degree of interaction diversity among
these residues could be assumed to cause the complex behaviour of protein sys-
tems. As it is known, a typical characteristic of many complex systems is the
metastability, 1.e. the existence of many nearly isoenergetic ground states; in

this context, the presence of many CS, in proteins, could be seen as a conse-

quence of the complex character of the system.

A
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a)

Pigure 1.1. Complexity. a) A schematic figure of a generic system built by different simple parts
mutually interacting is shown. b) The presence of many nearly isoenergetic states characterizes
complex systems (metastability).

It has been hypothesized that CS could play a relevant role in the protein



7  PROTEINS DYNAMICS

folding. In particular, the presence of many metastable states would imply a
multiplicity of pathways for the folding process [*8]. Then, the existence of CS

might render feasible the real folding of proteins.

In analogy with the behaviour of complex systems in general, it has been sup-
posed that CS could be arranged in a hierarchical way. Some experimental
evidences seem to point out that a sort of hierarchical arrangement of the CS

in proteins could be present (¢},

Concerning dynamics, it should be noted that in general it is extremely hard to
to simulate on a computer the dynamical behaviour of complex systems. It has
been suggested that the reason might be that many complex systems actually
function as computers, performing computations which cannot be completed in
fewer logical steps than the systems are using themselves (29], In this context, it
can be observed that a direct solution of problems concerning protein dynamics

is quite difficult to be reached by means of traditional computational methods.

- 1.2.1 Proteins and glasses

At low temperature, the fluctuations among CS can be suppressed and the pro-
tein solution undergoes a glass-like transition below which the protein molecules
are frozen in many CS. On the other hand, it has been observed that pro-
teins show a glass—like behaviour for what concerns different properties; for
example, the response to some perturbations can be described by a-relaxation
(22,30] characterized by a nonexponenﬁal time dependence and a non-Arrhenius
temperature dependence. Moreover, proteins and glasses share characteris-
tic anomalies in their thermal, dielectric and electron paramagnetic properties

(31,32] [33,34] Tp particular, low temperature thermal and dielectric properties
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of proteins show low energy excitations similar to those found in glasses 133,
their anomalies in the vibrational states having being described in the frame-

31,33]  EPR spectra of some

work of the two level tunneling system model !
copper proteins and of some Cu%t-doped glasses formed by water and a sec-
ond component show that these systems are characterized by a distribution of
ligand field strengths onto the metal ion; such a distribution has been put into
relation to the distribution of the CS energies in both the metallo—proteins and

the amorphous matrices (35],

Actually, the glass-like transition in proteins is indicated as “slaved ” to the
solvent, since the corresponding glass—temperature, Tf, markedly depends on
the solvent |7l; consequently, the CS distribution could be strongly affected
by the solvent composition. In this context, it has been suggested that the
glass—like behaviour of proteins could be due to randomized local arrangement
(21,23] [36,37) of certain atoms or group of atoms and that hydration water could
play a crucial role in the dynamical arrest of the CS (31,381 [38:39]  Therefore,

the solvent could act on the protein dynamics both by affecting the transitions

among CS and by modifying the intrinsic CS distribution.

1.3 Myoglobin and CS distribution

Myoglobin (Mb) is one of the most studied proteins and it represents a sort of
guide into the study of CS. Different kinds of approaches have been performed
in Mb samples in order to investigafe both the properties of the CS distribution,
and the effects of these CS on the biological functionality of the protein (1],

The existence of many different CS in Mb samples has been verified by different

experimental techniques; X-ray diffraction [16,40] inelastic neutron scattering
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(18] Mossbauer spectroscopy (2,17] flash photolysis experiments (6,30] and also
by molecular dynamics simulations [15:41],

The application of X-ray diffraction and of flash photolysis to Mb will be briefly

described since they have some relevance for our results.

1.3.1 Myoglobin structure

Mb, a globular protein found in skeletal and heart muscle where it functions to
store and to transport molecular oxygen, has an extremely compact structure
whose dimensions are of about 45 x 35 X 25 A. Tt was the first protein
for which a complete three dimensional structure was determined 42, Mb is
built of a single chain of 153 amino-acid residues, organized for 75% into helical

regions, and of a non covalently bond protoporphyrin IX heme prosthetic group.

Figure 1.2. It is showna model of Mb at high resolution with only O~carbons and the heme group

drawn. From ref. (48] .

On one side of the heme plane, the iron is directly bound to an azote atom of

the imidazole of a histidine residue, called proximal histidine (F8), while on the
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other side, at which the distal histidine residue (E7) is placed, the iron can bind
the molecular oxygen (or in some case other ligands like CO). Some controls for
the binding steps come from the proximal side through the protein structure
[44]

In the deoxy structure, the metal ion is about 0.5 A out of the heme—plane which
has a domed structure; while in the bound state, the iron is found closer to the

heme plane which has, on the contrary, a quite planar structure.

1.3.2 X-ray diffraction

X-ray diffraction, which can be employed to determine, at a high level of resolu-
tion, the three dimensional structure of proteins, can be also applied to extract

information about other aspects of macromolecules.

oco]

D
(&7

0.

Figure 1.3. Mean square displacements of the side—chain atoms of metMb; open circles: interpo-
lation to 300 K; full circles: linear extrapolation to 0 K. From ref. [401.

The mean-square displacements < z2? > for the individual atoms in a protein
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crystal include different contributes: vibrations, lattice disorder, rotational and
translational diffusion, and possibly the contributes arising from the presence of
a CS distribution ['®l. An analysis of the behaviour, at different temperatures,
of < z2 > for the backbone and side—chain atoms, has led to determine, in Mb,
the presence of an intrinsic structural disorder in agreement with the existence
of many different CS [16,40]  In particular, the side chains of the amino—acids

can be arranged in slightly different positions.

1.3.3 Flash photolysis experiments

One of the most representative experimental evidences for CS is given by the
CO-rebinding kinetics studies performed on Mb solution composed by water
and a second component, usually, glycerol or ethylene glycol (1:4], Mb molecules
are initially in the bound state in which the ligand (CO) is linked to the heme
iron. A light pulse breaks the iron-ligand bond and the ligand passes to the
heme pocket, and subsequently, if the temperature is sufficiently low, it rebinds
to iron. At higher temperatures, the ligand, in the heme-pocket, may escape
into the solvent and additional processes should be taken into account (30, Gen-
erally, the temperature at which the escape begins depends on the composition
of the solvent in which the protein is embedded; for water—glycerol (75%) solu-
tions, the temperature—escape is about 180 K. Rebinding kinetics, monitored at
different bands (Soret, near infrared, infrared) have been followed at different

temperatures [6:10],

The survival probability, f.e. the fraction of Mb molecules that have not re-
bound the ligand at the time t after photodissociation, shows a non—exponential

time course for T < 180 K. This behaviour has been explained by assuming
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that proteins are inhomogeneous, this means that each molecule responds in
a slightly different way to the rebinding process. It has been supposed that
the activation enthalpy barrier H, related to the CO rebinding from the heme
pocket, may assume different values. In this context, the survival probability

N(t) can be expressed by
N(t) = / g(H)e FEH (1)

where g(H) is the density probability for the activation enthalpy, k(H) is the

rate constant which is given the Arrhenius relation
k(H) = Ae™*F (2)

From the experimental data for N(t), by a Laplace inversion, g(H) can be
derived (48], Therefore, the presence of CS distribution to which such a hetero-
geneity in the protein ensemble should be attributed, results in a distribution of
a parameter (the activation H) directly involved in the biological functionality.
Different approaches have been developed in order to build a model for such a

process and to derive some analytical expressions for g(H) [46—48]



Chapter 2

Application of EPR
spectroscopy to the
study of ferric myoglobin

2.1 General principles of the EPR spectroscopy

Electron Paramagnetic Resonance (EPR) spectroscopy is a technique that
- detects unpaired electrons by absorption of energy from microwave irradiation
when the sample is placed in a static magnetic field 49, The magnetic moment
of the electron, resulting from the intrinsic spin (S=1/2), in presence of a static
magnetic field has two orientations with different energies. Transitions between
the two spin states can be induced if an oscillating electromagnetic radiation of
appropriate frequency v is applied perpendicular to the external magnetic field

H. The basic resonance condition is expressed by
hv = gBH (3)

where h is the Planck constant (h = ‘6.62510"27erg sec), B is the Bohr mag-
neton (8 = 9.27 102! erg G™1), g is the electron g-factor which for free
electrons is 2.0023. Local internal field, induced by the external field, can cause

the value of g, for an unpaired electron in a molecule, to vary from the value for
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the free electron. Moreover, the value of g generally vary with respect to the
orientation of the molecule relative to the magnétic field (g-anisotropy ) and,
in general, g must be expressed as a tensor.

Let us consider a system , in a static magnetic field, with two spin states, if
N4 is the number of spins in the lowest state (A) with energy E4, and Np the
number in the upper one (B) with energy Ep, at the thermal equilibrium, from

the Boltzmann’s law, it follows

= (4

Eg — E4, the energy difference between the two spin states, is equal to gfH.
From eq.(4), it results that N4 # Np and then the system has a net magnetic
moment along the direction of the magnetic field. The magnetization for unit

volume is given by :
Ny — Np
e

M = 7

(5)

where 4 is the magnetic moment of each dipole and V the volume of the sample.
The transition probability from the A state to the B state, induced by an
oscillating magnetic field Hy(t) perpendicular to the static magnetic field, can

be described by the time-dependent perturbation theory and it is given by

PAgzi;—? |< B | Hy(t) IA>|2 6(Eg — E4 — hv) (6)
where Hy(t) is the time—dependent perturbation, § is the Dirac function, and
v is the frequency of the electromagnetic radiation. Moreover, it results that
Psg = Ppa = P, ie. the upward and the downward transition probability
are equal. The introduction of the é—function in eq.(6) means that the quantum
energy hv of radiation should be exactly equal to the energy difference between

the states. In reality, different processes contribute to produce the width and
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the shape of the resonance absorption line. First of all, the existence of relax-
ation processes, which cause a finite lifetime of the spin states, contributes to a
broadening of the linewidth.

A phenomenological description of the resonance, characterized by the longitu-
dinal relaxation time 7T} and by the transversal relaxation time T4, can be done
by means of the Block equations (see for example [43,50)), In such an approach,

the time evolution for the magnetization is given by

dM
£ _M-AH 7
= y (7)

H = H, + H,, where H,, is the static magnetic field assumed along the z axis
and H; is the oscillating magnetic field which is assumed bolonging to the xy
plane. In the assumption that any deviation from the equilibrium value M7,
of the z component of M , would result in a first order relaxation back to
equilibrium, and that any deviation of M, and M, from zero will tend to relax

toward zero in a first order fashion, the eq.( 7) becomes

dM:: * M
= =yYMyH, + ~AM,Hysin(wt) — {—:7;;5] (8)

2

dM. M,
dty = —yM_H, + 'yMzchos(wt) - [—T“,E] (9)

2

sz 3 Mz - Mg

= —y M H;sin(wt) — YMyHicos(wt) — [——Tl——)] (10)

By solving the Block egs.(8-10), it can be shown that (9 that the average
rate A at which energy is absorbed, per unit of volume, by the sample from
the H; field, depends on the out—of-phase component of the magnetization. In
particular, it is

A= 2wx"H? (11)

where x" is the imaginary part of the susceptibility.
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T, is a measure of the time, for the spin system, to approach the thermal
equilibrium after the turning on of the static magnetic field, and it can be

expressed by
_ 1
Wap +Wpa

where W45 and Wg 4 are the upward and downward transition relaxation prob-

Ty (12)

abilities between the A and B states, respectively. In the relaxation process as-
sociated to T, called spin-lattice relaxation, magnetic moments give up energy
to the lattice; this phenomenon is possible since the spin system is coupled to
the thermal motions of the lattice ( gas, liquid or solid).
T5 describes the spin-spin relaxation process. The presence of this relaxation
process, due to the interaction between the dipoles, causes fluctuations of the
energy levels, and it is responsible for the loss of spin coherence and for the
observed vanishing of the transverse component in resonance phenomena.
Relaxation processes lead to a homogeneous line broadening, this means
that the average magnetic field at each dipole can be considered the same ( also if
the instantaneous magnetic field can be different for each dipole). A parameter

T, which encompasses both the two lifetime broadening can be expressed by

1 1 1
== 13
T, T o (1)

In the absence of other broadening mechanisms, T3 is the width of half height
of the absorption signal.

For most transition metal ions, relaxation processes are governed exclusively
by their small values of T}, and since the rise in temperature results in a rapid
increase of the rate at which transitions between the various vibronic levels
are induced by the phonon system, lines broadened as consequence of these
phenomena can be sharpened by lowering the temperature of the sample.Then,

low temperature is required to visualize the absorption resonance lines.
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If we call n the difference between the two spin states Na and Np, (n =
N4 — Np), the rate of change of population, in the presence of electromag-

netic radiation and relaxation processes, can be expressed by

dn n—"n,
2 — _9Pn-—
dt Pn T

(14)

where n, is the n-value at the thermal equilibrium.

It can be shown that at opportune powers, in order to satisfy the condition
PT, < 1, saturation could be avoided and the resonance absorption line can
be detected.

Homogeneous line broadening, in many cases, can be satisfactory represented
by a Lorentzian lineshape. Actually, to reproduce the observed linewidth, ad-
ditional broadening mechanisms, strictly depending on the analyzed system,
should be introduced. These additional effects which are operative in determin-

ing the EPR spectra of heme—proteins, will be analyzed afterwards.

2.1.1 Basis of the experimental detection of resonance

Microwave power absorption of paramagnetic samples can be detected in op-
portune conditions. In general, it is required a source of a variable magnetic
field, a source of radiation in the microwave region and some means of detect-
ing absorption of the sample. A typical spectrometer has been schematized in
Fig.2.1.

The sample is placed into the resonance cavity which, on turn, is put in the static
magnetic field. The static magnetic field, generated by an electromagnet, should
be stable and uniform over the sample volume; stability is checked by means
of a feed—back circuit, which usually employs a Hall-effect devise, detecting

directly any deviation of the magnetic field. The microwaves, generated by a
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Figure 2.1. Block diagram of an EPR spectrometer.

klystron, centered on a small range of frequency (for the X-band, this range is
of 8.2 to 12.4 GHz), are transmitted, eventually attenuated, down. the cavity.
In order to scan the resonance, for which Av = gfH, the magnetic field is swept
linearly while the klystron frequency is held fixed at the resonance frequency of
the cavity.

The use of a resonance cavity allows us to increase the density of the electro-
magnetic energy in the sample, and then the sensitivity of the detection. The

ability of the cavity to concentrate power is measured by the Q-factor which is

defined as
energy stored in the cavity

Q=27 (15)

energy dissipated per cycle
Different geometrical forms for cavities can be employed, the most common are
the rectangular with mode Tyo2 and the cylindrical with mode Tp1;.

In general, the resonance cavity may be represented by the impedance Z, with

R, L and C the equivalent resistance, inductance and capacity of the cavity

Z=R+j(wL - _(;1_(,_‘) (16)
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L is given by
L= L,(1+4m&x) ' (17)

where L, is the inductance when the sample is off magnetic resonance; € is the
filling factor (0 < £ <1 ); and x is the complex susceptibility.

The resistive component of the cavity impedance is tuned to the impedance of
the transmittion line in such a way that reflection of microwave energy from
the cavity is minimized. At the resonance, the variation of the cavity Q-value

that accounts for absorption of power from the sample is

dQ = —Q%mex (18)

where x" is the imaginary part of the susceptibility of the sample.

The detection system is built, by means of the four—port microwave circulator,
to pick up only the unbalanced microwave power produced when the condition of
resonance is fulfilled. The employment of this four-port microwave circulator
permits to reach a high sensitivity for the detection. The detector, a silicon
crystal, put at the end of one of the arms of the circulator, is chosen in such a
way that the crystal current is proportional to the microwave power falling on
it |

In order to limit noise from crystal detector and from the klystron, a small-
amplitude magnetic field, commonly at 100 kHz, is superimposed upon the
static magnetic field. The signal can be amplified by a lock—in amplifier and
then registered on a chart recorder. Because of the modulation, the recorded
spectrum gives the first derivative of the microwave power absorption with

respect to the magnetic field.
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2.2 Electronic structure of ferric ion

Let us consider heme—proteins in which the heme prosthetic group includes
the iron, a paramagnetic element of the first transition series. The presence of
the incomplete d—shell is respons:xble, in the neutral or ionic states (Fe?* and
Fe3t), for the paramagnetic properties of this element. The ferric ion (Fe3T)
has 23 electrons arranged in the electronic configuration (3d)%. In an isolated
ion, the five d orbitals have the same energy and the ground state is represented,
in accordance with the Hund rule, by the sextet (°S ) corresponding to the
highest multiplicity. In general, the electronic configuration d® gives rise to
16 terms which can be formed into three different groups, each one with an
assigned spin state; in the Russell-Saunders representation (S,L), they could be

expressed by

5 6
§=3 S
3
§=1 ‘PADAFAG
5= % 2 P*D2F?G H}I

Energy separations between these (S,L) terms, as due to interelectronic
Coulomb repulsion, can be expressed in terms of the Racah parameters B and
c 61,

Transition elements can form complexes (called also coordination com-
pounds) characterized by a cluster of ions or molecules (ligands) surrounding
the metal ion. The perturbations e?(erted by the ligands on the ion can greatly
affect the energy of its d—orbitals, which can result to be split. The separation
among the d-orbitals can be described by different approaches, for example, by
the Angular Overlap Model (AOM) (see Chapter 4) and by the Crystal Field. In

the crystal field approach [49] | the metal-ligand interaction is treated as purely



21 APPLICATION OF EPR

electrostatic by thinking of all the species as point charged; electrons and nuclei
of surrounding atoms are taken into account by adding in the Hamiltonian a
potential field of the same symmetry.

The general Hamiltonian including the interaction with the external magnetic
field, to describe the electronic structure of a paramagnetic atom in a complex,

is given by (see e.g. ref.!%2])
52
=0 Z V24 VgL +Ve+ Hps+ Hz + Hss + Hsr + Hpp+ ... (19)
k

where the first is the electronic kinetics term, Vgr is the electronic potential
of the free ion, V¢ is the crystal field potential, Hys describes the spin—orbit
interaction, Hz takes into account the interaction of the magnetic field and the
spin moment of the electrons; Hss includes the interaction between two electron
magnetic dipoles; Hgy entails the electron spin—nuclear spin interaction; Hrr
entails nuclear spin—orbit interaction. In the Hamiltonian in eq.(19), only the
terms which result to be relevant for our analyzed systems have been explicitly
mentioned. In general, other terms, which could be relevant in some cases,
need to be included, it e.g. the nuclear quadrupole interaction or the nuclear
spin-nuclear spin dipole interactions.

Fe—complexes are usually characterized by an intermediate crystal field, this

means that

HLS<VC<HEL (20)

with Vg greater than the terms that follow it in the Hamiltonian in eq.(19).
Moreover, the relative magnitude of the terms in eq.(19) allows to regard Vg,
and the following terms, as perturbations on the ion whose ground state is
expressed in terms of the quantum numbers L and S. To evaluate the effect of

the crystal field, Vo can be expressed in different forms: as an expansion of
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spherical harmonics Y},,(6, #), or in terms of the L operators (52, Once the
splitting of the d-orbitals has been calculated, the electronic configuration of

the metal ion can determined.

H3C-—C\/ ‘f ﬁ C/c—c1-x;,
SN MG
HC\ }'Fc\ /CH
C-—CH3
H,C= 4 c” \C/ c
H / H \
CHj; HC==CH,

Figure 2.2. Heme structure.

The metal ion in heme proteins is embedded in a ligand field with cu-
bic symmetry. The iron is situated at the center of a porphyrin system and
the 1,2,3,4 coordination ligands are given by four nitrogen atoms of the por-
phyrin ring (see Fig.2.2 ); the fifth ligand is an imidazole nitrogen of a his-
tidine residue of the protein chain. Finally, in the sixth coordination site,
different small ligands can be attached; examples of possible 6th ligands are
H,O ,F~, CN—, OH, OCN—, Ng, SH™.

At this point, the perturbation introduced by the other terms in the Hamilto-

nian can be introduced.

In a purely octahedral field, the d-level of the Fe3* is split into two sublevels
(dyz, dzzy dzy) and (dga_ya, dy2). The energy difference between these sublevels
is the crystal field splitting and it is indicated by A. In general, A can assume

different values for different 6th ligands. By lowering the symmetry to the
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Pigure 2.4. Diagram of the splitting of the energy levels in a ligand field of cubic symmetry.

tetragonal, the first sublevel is split into two further sublevels; finally, in rhombic
or lower symmetry, all five orbitals have different energies (see Fig.2.3).
Energy levels of the d® configuration in cubic ligand field, as function of the
strength of the crystal field, have been obtained by a theoretical calculation by
Tanabe and Sugano (63] Tt results that for weak crystal field, the ground state
is the sextet ®A4;, the high spin coﬁﬁguration; whereas to a strong crystal field
corresponds the doublet 2Ty, the low spin configuration (see Fig.2.5).

Tt should be noted that the energy of the quartet state, 4Ty, (an intermediate

spin state) is not found in the ground position. Iron in the heme is in a rather
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(1)

*6)

b, a

Pigure 2.5. Crossing of sextet (6A1), quartet (4T1) and doublet (2T2) levels of ferric ion in
(61]

cubic ligand field, from ref.
singular condition in which the high and the low spin states are energetically
very near to each other. This property gives to the heme iron a particularly
flexible electronic structure. In general, while in the low spin configuration, the
iron lies in the heme-plane, in the high spin, it is displaced from the heme group

to the proximal histidine side (54,

At this point we analyzed in some detail the high spin state to which our exper-
imental investigation refers. In general, an useful tool to investigate the EPR
spectra is represented by the concept of Spin Hamiltonian [49] which involves
only spin operators. The idea on which the Spin Hamiltonian is based is to pro-
vide an operator, polynomial in the components of an effective spin vector S, to
describe the behaviour of the system. The advantage of the Spin Hamiltonian
lies in the fact that it offers a simple theoretical framework for quantities, (e.g.

g, D) which can be extracted from the EPR spectra.

2.2.1 The high spin state

It is well-known that the EPR spectra at 77 K of aqueous samples of ferric-Mb

and ferric-Hb at pH ~ 7 are characterized by two resonances, one at g ~ 6
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and a weaker one at g ~ 2 (see Fig.2.6). The weak ligand HzO" to the sixth
coordination site of iron, determines a high spin state, S=5/2. In a octahedral
field, or field of lower symmetry, the system, characterized by the ®A state,
retains its six—fold degeneracy even when spin—orbit coupling is considered to
first order, but, in second order, the degeneracy is lifted to give three spaced

Kramers doublets.

-
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Pigure 2.6. It is shown an experimental EPR spectrum, recorded at 77 K, of high spin ferric
metMb solution at pH =~ 7.

The Nsystem can be described by a second order spin Hamiltonian
H,=g.fH-S+ D[S} - S(S +1)/3] + B(SZ - 52) (21)

where g, is the value for the free electron, given that for an S state is no orbital
contribution to the magnetic moxﬁentj D and E are the tetragonal‘and the
rhombic zero—field splittings, respectively.‘ ‘For heme proteins, the condition of
large zero field splitting is satisfied (D ~ 10 cm™1) (88} only transitions within

the lowest Kramers doublet occur, and a fictitious spin S=1/2 can be used to
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fully represent the spin Hamiltonian of the system, which for axial symmetry

(9= = gy =g and gz = g“) can be expressed by
H, =g”ﬂHzSz+g_|_ﬁ(HzSz+HySy) (22)

where g ~ 2 and g, = 6 are the g-values which are observed in the exper-
imental spectra. Splitting of the in—plane value into two values, g and gy,
may result in a broadening (as in our case) or even in a splitting (58] of the
g =~ 6 line. High order corrections, arising from spin orbit mixing of the excited
quartet states into the lowest Kramers doublet lead, under the assumption of a

four-state mode] [51:57) [68,59]

4 1

E Y

A J\

6 y
A

1

Figure 2.7. Energy level diagram of the low-lying electronic states of high spin ferric heme.

to the following expression for g, and gy

E E\? R
= 6. — — 187 —= — 23
gz,y = 6.01% 24D 18.7 (D) 127 (23)

where the tetragonal zero—field splitting D is given by

A2/ 1
P=%(z-%) (24)
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and the rhombic zero—field splitting E is expressed by
E=——= (25)

finally, the spin—orbit mixing of excited quartet states into the lowest Kramers

doublet is

R 1 1
2
_A (L - 26
" 5<A"1’+A1A2+A§> (26)
) is the effective spin—orbit coupling constant (A ~ 300 cm™!) which is reduced

from the free-ion value (A ~ 420 cm™1) ; Ay, Ay, and v are the energy difference

of the low-lying electronic states of high spin ferric heme (see Fig.2.7).

2.3 Simulation of the EPR spectra

The experimental spectra can be simulated by an appropriate expression
for the derivative of the microwave absorption, dS(v, H)/dH. The net absorp-
tion of microwave radiation, between the two levels A and B, S(v, H), which is
proportioha.l to the imaginary component of the resonant magnetic susceptibil-

ity x”(v), is given by [49]

S(v, H) = c'ug{Qoine-f% < B Hy(t) | A>] f(lv - uo],o,,)} (27)

where C' is a constant which depends on the detection system and the mi-
crowave circuit; Z is the partition function; Q, is the unloaded Q-factor for the
cavity, N is the number of spins per unit volume; v is the microwave frequency
and v, is the resonance frequency; f([v — vo],0,) is the lineshape function cen-
tered at the resonance frequency v; with a linewidth parameter o,.

For a powder, in which the molecular axes of the heme groups are randomly

oriented, such an absorption can be expressed by

S(v, H) = Cv /0 ’ /0 * P(9,8)f([v — vo],0v) sin(8)dbdg (28)
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where C is a constant that encompasses all instrumental parameters, P (4, ¢) is
the orientation dependent transition probability; finally, the integration over §
and ¢ takes into account for the random orientation of the molecular axes with
respect to the magnetic field.

Since usual EPR experiments are performed by sweeping the magnetic field
and by keeping the frequency fixed ( v.) some caution should be exercised when
eq.(28) is employed to work out an expression suitable to simulate a field-swept
EPR spectrum (%81, For systems with S=1/2, if P(0,¢) and o, do not depend
upon the magnetic field, the following expression can be used (60]

————dS(;I‘}H) = c";h /O /0 P((:,’j)) 4f (2 ;5"]’”) sin(0)dédé  (29)

where g(8,4) that should be included to take into account for the Aasa-

Vanngard (62! correction, is given by

i
2

g(8,6) = (¢%sin® 0 cos® ¢ + gf, sin® @ sin% ¢ + g2 cos? 9) (30)

and f([H — H,],0), the lineshape function centered at the resonance field H,
and with a linewidth parameter oz measured in field units, has been introduced
to take into account for all the broadening mechanisms not explicitly considered
(residual linewidth [61).

For an S =1/2 system, the orientation—dependent probability P (6,9), can ex-

actly be expressed by (63l

1
9%(0,9)

P(0,¢) = gZ+g2+gZ— (92 sin? 6 cos® ¢+g;; sin? 0 sin® ¢+g2 cos? 4] (31)

In the shown simulations, a lorentzian lineshape

S(H = Hlon) = W;H [1 + (_‘;"_Ho.)z] (32)
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has been employed allowing us to reproduce some details of the experimental
spectra that other lineshape functions, ( t.e. gaussian), were not able to repro-
duce. Different linewidth parameter values have been used to simulate different

EPR spectra.

2.3.1 Isomoto algorithm

The core of simulation method is based on the Isomoto algorithm (3] comple-
mented with the Aasa—Vanngard [62] correction. The range of the magnetic field
is divided into N intervals; once the principal values of the g—tensor (92,9y,9=)

have been fixed, the resonance field H, can be calculated at each orientation

(6,¢) by

hu,
Ho = 500,9) 33

The intensity around the resonance H, is calculated for M intervals of the field
division by
dS(ve, H) _ Cvch P(6,9) df([H; — Hi),oH)

- B 969 i (34)

for 1 — % <j<i+ %’I-, where H; is the field division in which the resonance
falls. The field-swept derivative spectrum is computer—generated, by carrying

on the integration in eq.(29) as a sum over 6 and ¢

45(ve, H) _ Cvch 5~ P(0,9) df ([H — Ho],on) (35)
g

The increments for § and ¢ have been chosen to allow us to limit computer—
noise at the required level (computer-noise not greater than the experimental
errors). The N and M values that have to be used depend on different factors,

for example the analytical expression of the lineshape and the numerical value

of the linewidth.
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2.3.2 The g-—strain effect

The use of eq.(35) is not sufficient to reproduce in a reliable way the EPR
spectra of metallo—protein frozen solutions. These spectra are characterized by
a large inhomogeneous broadening (g-strain) which is superimposed on all the
other broadening effects [32:361(64=69 4nd these features cannot satisfactorily
be reproduced even if higher values for oy are used in eq.(35). Presence of
g-strain prevents, in many cases, to reproduce all the characteristics of the
EPR spectra by means a single g-tensor in connection with different values
of the linewidth parameter oy. The variability around the metal ion of the
electric field modulating the g tensor is responsible for the g-strain effect. To
take into account for this effect, two different approaches are followed in the
literature: i) a statistical model [5=%7] in which random variations of the electric
field are introduced through distributions of the g-tensor components; ii) a
physical model (58] [68:89] in which some physical parameters are distributed as
consequence of the random variability around the metal ion. In the following
simulations, it has been followed a physical approach, and some crystal field
parameters have been assumed to be distributed.

If T' is a generic distributed parameter (or a set of parameters) affecting the g-
values, the resulting simulated spectrum can be visualized as a superposition,
weighed in a proper way, of different spectra each related to different values of
(92,9, 92)-

In the case in which T is given by a gaussian distribution, the simulated EPR

derivative spectrum can be finally expressed by

dS(ve, H) Cuch 1 / dS(ve, H,T)
dH T B8 2wop dH

_[L:L‘i]r'
e ' or ' dl (36)
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where, assigned T, the corresponding derivative spectrum dS(v¢, H,T')/dH is

determined by means of eq.(35).

2.3.3 Fit of spectra

Computer—synthesized spectra have been used to fit the experimental EPR
spectra in order to determine the parameters I' and op, characterizing the
gaussian distribution for I'.

The bestfit is obtained by a minimization procedure of the x?-function

o3 [I"””(Hi) —af“‘m(H;,p)r (37)

i=1

where I¢*P(H;) is the derivative of the experimental EPR absorption spectrum
sampled at 200 discrete points of the magnetic field, I sim(F, p) is the simu-
lated spectrum that also depends on the parameter set (Lo, or), finally o; is
the standard deviation calculated for the i-th experimental point of the EPR
spectrum by repeated runs. The search of the bestfit parameters has been done
by allowing each parameter to vary over a wide range consistent with both
those estimated from the experimental spectra and those reported in the lit-
erature 159, Since no-analytical expression is available for the function to be
minimized, the Monte Carlo method, which performs a random search of the
bestfit parameters, is particularly suitable to be applied in the present case
(701, We preferred, however, to use a simulated annealing approach 17! to limit
computer—time with respect to a standard Monte Carlo procedure. The core
of the simulated annealing method is represented by the annealing schedule
which determines how the control parameter T, entering in the Metropolis test
as the analog of temperature, is lowered from high to low values. The schedule

depends on the context and it requires experimentations [72], Different initial
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values for T have been considered for different ranges of parameters. Generally,
this value has been held constant for 15 steps and then it is lowered of 50% and
so on. When the variation of x? becomes smaller than an arbitrary fixed value,
the current search is stopped and a new search is performed by reinitializing
the value of T. Sufficiently low values of x% (according to the x?-test) must be

reached to stop the research of the bestfit parameters.



Chapter 3

EPR. spectra of high spin

ferric myoglobin

3.1 Materials and experimental methods

Mb EPR samples, at three different pH values, were prepared by dissolving
commercial (Sigma Chem. Co.) Iyophilized horse skeletal muscle Mb in 0.2 M
phosphate buffer. The highest concentration of Mb in the solutions was about
5 mM. Final pHs for the Mb solutions were pH =~ 5.6, pH ~ 6.8 and pH =~ 9.
Hb EPR samples were prepared from whole human blood. Erythrocytes were
washed three times with 0.9% NaCl and spun at 1200 rpm. Lysis was performed
by adding 1.5 volume of distilled water to 1 volume of packed cells, then the

ghosts were centrifuged out at 16000 rpm (73]

. Final pH of Hb solutions was
about 6.8.

Ferricyanide was used to oxidize the heme iron to the ferric valence state and
the solutions were dialysed several times against buffers to remove the oxidant.
Mb samples in presence of different added solvents were prepared from aqueous
Mb solution at pH =~ 6.8. Aliquots of ‘methanol (Meth) and ethanol (Eth)

buffer solutions have been added to Mb aqueous solutions until the required

concentration was reached. The final concentration in methanol and ethanol
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was about 1:1 to molar heme concentration. Samples in presence of glycerol
(Gly) have been prepared in 1:1 water—glycerol mixture. Samples in presence
of ethylene glycol (EthGly) have been prepared in 1:1 water—ethylene glycol
mixture. Samples in presence of sucrose (Sucro) have been prepared in 1:1
water-sucrose ( 1 M solution ) mixture. All chem.ica,ls used were of analytical
reagent grade.

A fast cooling rate (Fast ) has been obtained by dipping the samples into liquid
nitrogen at 77 K; while in a slow cooling rate (Slow ), the system was cooled
with a rate of 0.5 deg/min from 300 K to 140 K.

All the EPR spectra were recorded at 77 K by an X-band Varian E109 spec-
trometer equipped with a variable temperature control which was also used to
cool the samples in a controlled way. To calculate the experimental g—values,
a magnetic fleld calibration was performed with a Magnion Precision NMR
gaussmeter Mod.G-542; the microwave frequency being measuréd with a Mar-
coni 2440 counter.

The acquisition of EPR data was carried out on a HP 86A personal computer
through a home made interface connected to a IEEE 488 bus (74, To run
both simulations and bestfit programs, the same microcomputer was switched
to an intelligent terminal of the main frame computer (VAX 8350), through a
serial interface and an HP terminal emulator. Programs were written in Fortran

language.

3.2 Analysis of the EPR spectra

EPR spectra, recorded at 77 K, of high spin ferric Mb and Hb samples in
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presence of different solvents, at different pHs values and submitted to different
cooling rates have been analyzed. Low temperature EPR spectra of high spin
Mb and Hb at pH ~ 7 are characterized by two resonances, one at g = 6 and
a weaker one at g ~ 2 (see Fig. 2.6 ). At pH =~ 5.6 and pH =9, an additional
EPR signal corresponding to a low spin configuration is present; however, also
in this case, the attention has been put to the g =~ 6 line of the high spin
configuration. The g =~ 6 line, which corresponds to the g, and g, resonances
and in which a lot of information is stored, has been submitted to a careful

inspection.

A preliminary analysis of this line can be done by means of some empirical
parameters: gefs, the effective g-value of the resonance; width, the peak to
peak width of the line; and ratio, the ratio between the height of the positive
and of the negative part of line. These parameters can result very useful into a

first characterization of the line.

In Figs.3.1-3.4, the region around the g =~ 6 line of all the analyzed spectra,

together to the values of these three parameters, is shown.

First of all, it should be noted that the values of g.fy, width and ratio,
of pure Mb and Hb samples, result to be in agreement with the experimental
values reported in literature [56], Moreover, on base of these values, different
observations can be done. It can be seen that the g ~ 6 lines of Mb and Hb
samples are quite different; in particular, the line corresponding to Hb samples

results to be larger with respect to the Mb line.

In general, it can be observed that the composition of solvent in which the
protein is embedded, the pH value of the solution, and the cooling rates to which
the samples have been submitted, result to affect the EPR spectra. Although

" the modifications of the g ~ 6 line, as seen through the values of parameters
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Figure 3.1. The experimental g=6 line of X~band EPR spectra, recorded at 77 K, related to high
spin ferric Mb solutions in different conditions, submitted to fast cooling rate, are shown. a) pure
Mb solutions; b) Mb solutions with added glycerol (1:1 by volume); ¢) Mb solutions with added
ethylene glycol (1:1 by volume); d) Mb solutions with added sucrose (1 M). In all the cases the
values of the parameters e f f, width and rat1o are reported.

ratio, width and g.fs, are quite small, they are significant.

The most sensitive parameter seems to be the ratio which shows a close depen-
dence on the conditions in which the EPR spectra have been recorded. A closer
inspection is required in order to understand the meaning of these observed
differences in the EPR spectra. A quantitative analysis of EPR spectra can
be done by means of simulation whose general principles have been presented
in Chapter 2. First of all, it should be noted that some attempts to simulate
high spin ferric Mb and Hb EPR séectra with a single g—tensor, in connection
with different lineshape expressions and with different values of the linewidth
parameter o, have been done. These attempts did not allow us to reproduce

all the details of the spectra. As we have already mentioned, in many cases,
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Figure 3.2. The experimental g=6 line of X-band EPR spectra, recorded at 77 K, related to
high spin ferric Mb solutions in different conditions, submitted to fast cooling rate, are shown. a)
Mb solutions with added methanol { 1:1 molar heme concentration); b) Mb solutions with added
ethanol ( 1:1 molar heme concentration); ¢) pure Mb solutions at pH equal to 5.6; d) pure Mb
solutions at pH equal to 9. In all the cases the values of the parameters Jef 7, width and ratio

are reported.

EPR spectra of metallo-proteins solutions are characterized by the presence of a
large inhomogeneous broadening to which corresponds a spread in the g-tensor
values (g-strain). For example, Mb and Hb EPR spectra, at different pH and
in presence of a small amount of methanol and ethanol, have been interpreted
by assuming that the ratio between the rhombic and the tetragonal zero-field
splitting parameters and the spin-orbit mixing parameter are distributed (12,58]
There are different types of indications pointing out that, in Mb, this spread
is to be attributed to a spread of energy differences of the low-lying electronic
states 16975 In this context, we have tried to simulate our spectra by assum-

ing that the crystal field parameters A; and A, are distributed around a mean
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Pigure 3.3. The experimental g=6 line of X-band EPR spectra, recorded at 77 K, related to high
spin ferric Mb solutions in different conditions, submitted to fast and slow cooling rate, are shown.
a) pure Mb solutions submitted to fast cooling rate; b) Mb solutions with added glycerol (1:1 by
volume) submitted to fast cooling rate; c) pure Mb solutions submitted to slow cooling rate; d) Mb
solutions with added glycerol (1:1 by volume) submitted to slow cooling rate. In all the cases the
values of the parameters Jef f, width and rati0 are reported.

value. This fact can be visualized by a shaded region around the level of the
6A,, *A; and *F states (see Fig.3.5). In order to simulate our spectra, two
independent gaussian distributions for A; and Az have been introduced. In
principle, there is not any reason for which A; and Aj; should be independent;
some attempts to correlate these parameters have been done. Anyway, better
results have been reached with A; and A, assumed independent. It has been,
moreover, assumed that a small rhombic distortion is present in the system. A
rhombic distortion causes the d,, and d,, orbitals of the iron, that in tetrago-
nal symmetry are degenerate, to be split (see Fig.2.4). This perturbation then

results into a splitting of the *E state into *E; and 4E, whose difference is
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Pigure 3.4. The experimental g=6 line of X~band EPR spectra, recorded at 77 K, related to
high spin ferric Hb solutions in different conditions, submitted to fast and slow cooling rate, are
shown. a) pure Hb solutions submitted to fast cooling rate; b) pure Hb solutions submitted to slow
cooling rate; ¢) Hb solutions with added glycerol (1:1 by volume) submitted to fast cooling rate; d)

Hb solutions with added glycerol (1:1 by volume) submitted to slow cooling rate. In all the cases
the values of the parameters g f, width and ratio are reported.

put equal to v (see Fig.3.5). A value of about 4 =~ 60 ¢m™?! has been assumed
in agreement with the value presented by Fiamingo et al. (59}, In general, it
is possible that also v might be distributed, however, since this contribute is

smaller than the other ones, this additional effect has not been considered.

Concerning the lineshape, some details should be given. A residual lineshape,
including all the broadening mechanisms that are not explicitly considered in
the simulation, has been introduced in eq.(36). For EPR spectra of high spin
heme-proteins, the most significant broadening mechanisms are the unsolved
hyperfine splitting and a smaller contribute due to the relaxation time Tj. For

the heme—proteins samples recorded at 77 K, these contributes can be satisfacto-
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Figure 3.5. Energy level diagram of the low lying electron states of high spin ferric heme. The
shaded regions indicate the variability of the energy levels ( not in scale ).

rily expressed by a Lorentzian lineshape with a linewidth parameter oy = 25

gauss, for Mb, and oy = 33 gauss, for Hb samples.

3.3 Results

In Fig.3.6, together with the experimental spectra also the corresponding sim-
ulated spectra (dashed lines), for pure Mb and pure Hb samples, are shown.
These simulated spectra have been obtained by means of eq.(36) in which the
T distribution has been substituted with the A; and A2 distributions.

The agreement between experimental and simulated patterns appears very
good; however the goodness of the fit has been confirmed, in each case, by
the x2-test (see Chapter 2).

In Table 1, the parameters AS, oa,, A%, and oa,, as obtained by simulations
of the EPR spectra from Mb samples in different conditions and submitted to
different cooling rates are reported; in Table 2, the values of the same parame-
ters from simulations of EPR spectra related to Hb samples in absence and in

presence of glycerol and submitted to fast and slow cooling rate, are shown.
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Pigure 3.6. The superposition of the experimental (continuous line) and simulated (dashed line)
g=6 line of X~band EPR spectra related to fast cooled high spin ferric pure Mb (a) and Hb (b)
solutions are shown.

The physical soundness of the simulations performed can be assessed by con-
sidering the central values of the A; and Ag distributions. Concerning Mb, the
values obtained for fast cooled aqueous solutions are very close to those mea-
sured by EPR in crystals and aqueous frozen solutions of Mb [59], Similar data
are not available for Hb samples, however, if the D,E and n values, experimen-
tally determined and existing in the literature (5858l are fed into egs.(24-26),

values for A; and Aq quite close to ours are obtained.
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TABLE 1 The central values and the root of variances of the gaussian distributions
related to the crystal field parameters A1 and Ag are reported. These values have been
obtained by simulations of the § =~ 6 line of the EPR spectra, recorded at 77 K, of
Mb aqueous solutions in different conditions. If it is not explicitly mentioned, the pH
of solutions is about 7. The 68% confidence limits are given, in percentage, by 3% for
"i’, 25% for OALs 3% for Ag and 25% for OA,. For abbreviations see section 3.1.

SAMPLE ASem™!  oa, ecm™! gem™r  op, em™!

Mb (Fast) 2266. 259. 5759. 936.
Mb+Gly (Fast) 2104. 280. 5500. 549.
Mb-+EthGly (Fast) 2248. 248. 5422. 619.
Mb-+Sucro (Fast) 2181. 231. 5646. 625.
Mb-++Meth (Fast) 2148. 231. 5658. 835.
Mb-+Eth (Fast) 2156. 263. 5465. 803.
Mb pH=5.6 (Fast) 2232. 215. 5400. 910.
Mb pH=0 (Fast) 2160. 228. 5642. 877.
Mb (Slow) 2250. 238. 5750. 920.
Mb+Gly (Slow) 2248. 232. 5417. 516.

3.3.1 Cooling rate effects

In general, it can be observed that a slow cooling rate yields quite small mod-

ifications in the A; and A, distributions. In particular, when the samples are

submitted to a slow cooling rate, the central values of the distributions, A{ and
¢, change with respect to fast cooled samples less than 2% in Mb and in Hb

samples in presence and in absence of glycerol.

More significant are the changes in the widths oo, and o, of the distributions.

In Mb, slow cooling rate causes a lowering of these parameters: o, decreases

of 8% in samples without glycerol, and of 14% in samples with glycerol; o4, is
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TABLE 2 The central values and the root of variances of the gaussian distributions
related to the crystal field parameters Aj and A are reported. These values have been
obtained by simulations of the § = 6 line of the EPR spectra, recorded at 77 K, of
Hb aqueous solutions in different conditions. The pH of solutions is about 7. The 68%
confidence limits are given, in percentage, by 3% for A({, 25% for OA,, 3% for Ag
and 25% for OA,. For abbreviations see section 3.1.

SAMPLE oem™!  oa, em™t AfemT! oa, em™!

Hb (Fast) 2155. 619. 420. 1663.
Hb+Gly (Fast) 2169. 621. 4561. 1549.

Hb (Slow) 2153. 576. 4685. 1629.
Hb+Gly (Slow) 2107. 515. 4547. 1487.

decreased of 2% and 6%, respectively in absence and in presence of glycerol.
For Hb, in samples without glycerol, oa, and oa, decrease of 7% and 2%,
respectively, as consequence of slow cooling rate; while in samples in presence

of glycerol, these parameters are lowered of 17% and of 4%.

3.3.2 Effects induced by changes in the solvent composition

In general, the A; and A, distributions are modified by the presence of the
added solvents in a large quantity to the solutions; however, the Aq distribu-
tion, and in particular the o, parameter, is stronger affected by the solvent
composition of protein solution. In this context, it should be noted that small
addition of glycerol, ethylene glycol and sucrose (e.g. 1:1 heme molar concen-
tration) leads to no change in the EPR spectrum, and then also in the crystal
field parameter distributions.

In order to stress these effects, the results shown in Table 1 can be expressed in
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terms of variations of the crystal field parameters with respect to those related

to pure fast cooled Mb solutions.

Concerning the A; distribution, it can be observed a reduction, of the AY
parameter of about 3.2%, 0.8% and 3.8% for samples in presence of glycerol,
ethylene glycol and sucrose, respectively. The oa, parameter increases of 8%
in presence of glycerol, while it decreases of 4.2% in presence of ethylene glycol

and of 11% in presence of sucrose.

Regarding the A, distribution, A§ and oa, always decrease with respect to pure
Mb solution, as consequence of solvent addition; in particular, A§ decreases of
4.5%, 5.8% and 2% while oa, decreases of 41%, 34% and 33% for samples in

presence of glycerol, ethylene glycol and sucrose, respectively.

A similar behaviour can be observed for what concerns Hb samples. The addi-
tion of glycerol yields small changes in A{ and A$, in particular of 0.6% and
1.2%; while o4, and o, decrease of 0.4% and 6.8%, respectively. It should be
noted that these changes result smaller with respect to those observed in Mb

samples.

3.3.3 Effects induced by addition of small amount of alcohols

Addition of small amount of methanol and ethanol, which, on the other hand,
in large quantity cause denaturation of protein, yields significant, but not very
large variations in all the crystal field parameters characterizing the A; and A,
distributions in Mb solutions. In particular, A diminishes of 5.2% and of 4.8%,
while A9 decreases of 1.7% and 5.8% in samples with methanol and ethanol,

respectively.

Concerning variances, it can be observed that the presence of methanol yields
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a reduction in op, of about 11%, and in o, of 1.5%; while in solution with

ethanol, o, increases of 1.5% and o, decreases of of 1.5%.

3.3.4 Effects induced by pH changes

Deviations of pH from the physiological values ( pH = 7) cause modifications
in both the A; and A, distributions. Both an increase of pH (pH =~ 9) and
a lowering of pH ( pH =~ 5.6 ) yield the parameters characterizing the A; and
A, distributions to be lower. In particular, A decreases of 1.5% and of 4.7%,
in solutions with pH=>5.6 and pH=9, respectively; while A decreases of 6.2%
and of 2%, respectively. The most significant changes are in the parameter op ,
which is decreased of 17% in solutions at pH=5.6, and it is decreased of 12%
in solutions at pH=9. Concerning oa,, changes are lower, anyway significant;
a reduction of 2.8% for Mb solutions at pH=5.6 and a reduction of 6.3% for

solutions at pH=9 are observed.

3.4 Discussion

The use of the simulation method outlined in Chapter 2 has allowed us
to extract the parameters, characterizing the distribution of the ligand field
energies A; and A, from the experimental EPR spectra of Mb and Hb samples
in different conditions.

The fact that the central values (A{ and Ag) of these distributions are found
to be consistent with the experimental data reported in the literature and the
goodness of the fits are indicative of the reliability of the computer model used.

The changes of the central values of the distributions could be interpreted in
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terms of modifications of the average structural properties of the protein en-
semble. This means that angles between iron and ligands might be modulated

by the different conditions to which the protein is submitted.

The results reported in Tables 1 and 2 show also that a significant spread
(characterized by the parameters o, and oa, of the distributions) of the crystal
field parameters occurs in the ferric heme—proteins investigated.

The widths of the A; and A, distributions are to be discussed in close con-

n [11,38] [68,76]  Actyally,

nection to the presence of the protein CS distributio
frozen metallo-protein solutions, which are similar to glassy systems with re-
spect to the microscopic disorder displayed by their structure, are characterized
by the presence of a static ensemble of frozen CS. To such a conformational
heterogeneity corresponds an heterogeneity in the orientation and/or position
of the ligand groups that the protein molecule provides to the metal ion. Con-
sequently, the Fe®* ion ligand bonds are modulated (as regards the angles and
the distances) according to the microenvironmental fluctuations. The statisti-
cal distribution of the atom coordinates will then result in a distribution of the
ligand field parameters. In the framework of the crystal field theory, such a
physical situation can be taken into account by considering a random distribu-

tion of the A; and A, energy differences which, through a modulation of the g

components, affects the EPR linewidth as observed.

It should be, moreover, noted that an additional source of structural hetero-
geneity could be represented by the strain imposed, on the protein structure,
by the phase transition occurring in the solvent at the freezing point. These
freezing—induced effects, which might be superimposed on other effects, are cor-
related to the ice—crystal dimensions and they can be minimized in the presence

of some added solvents (glycerol, ethylene glycol) (69] o1 by submitting the sam-
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ples to slow cooling rate (11,35] This phenomenon can affect, in a different way,
various parts of the protein structure; for example, some artifacts in the ligand
orientation and some modifications in the spin equilibrium have been observed

according to the freezing procedure [77,78],

3.4.1 Cooling rate effects

The results shown in Tables 1 and 2 point out that the cooling rate can affect
the spread of the crystal field parameters. In particular, a slow cooling rate
yields a lower width, with respect to fast cooled samples, for the Aj and Ag
distributions both in Mb and Hb samples. Such an effect is observed both in
the presence and in the absence of glycerol. Different explanations could be
invoked for this effect. It cannot be ruled out “a priori” the possibility that a
different ice—crystal growth, as induced by a slow cooling rate, could eliminate
or minimize the above mentioned freezing strains. In this context, it should
be recalled that a significant variation in the low field EPR spectra of copper
plastocyanin has been observed by controlling the ice-crystal growth through
the addition of glycerol to the protein solutions (65], However, it can be observed
that, since the cooling rate effects are quite small, the spread in the crystal field
parameters are confirmed to be not totally explainable by the artifacts due to
the freezing procedure.

Other possible explanations could be invoked in the assumption that the cooling
rate could affect the CS distributions. Some interpretations of this fact will be

presented in the next Chapter.



DISCUSSION 48

3.4.2 Effects induced by solvent composition

Table 1 shows that the presence of glycerol, ethylene glycol, and sucrose yields
a harrowing of the crystal field parameters distribution. As we have already
mentioned, glycerol and ethylene glycol can act on the ice~crystal growth by
decreasing the strain induced by freezing. It is likely that some contribute to
the observed broadening of the crystal field parameters may come from the
freezing procedure, however, by taking into account that slow cooling rate does
not result in large changes and also the evidences in literature (58] the main
contribute should be attribute to an intrinsic heterogeneity of the system.

In general, it should be noted that addition of glycerol, ethylene glycol and su-
crose can cause modifications in the solvent properties, and then induce changes
in the protein structure and also in the CS distribution. Then, the observed
changes in the crystal field parameter distributions, could arise from these ef-
fects. |

To a deeper analysis, by considering the A; and A, distributions separately, it
seems that the presence of added solvents essentially affects, in both Mb and
Hb solutions, the A, distribution by decreasing oa,. This fact seems to point
out that the crystal field parameter Ay is connected to those aspects of protein

dynamics on which the considered solvents can act in a more direct way.

3.4.3 Effects induced by addition of small amount of alcohols

Since the small quantity of these added alcohols, the observed effects on the
crystal field parameter distributions cannot be attributed to a modification of
the solvent properties. On the other hand, it is known that methanol binds to

the metal ion [79], therefore, it can induce, in a direct way, modifications on
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surroundings of the iron. This means that changes in the crystal field parameters
should be put into relation to some modifications in the arrangement of ligands
around the metal ion.

The fact that alcohols, at these concentrations, can really affect the crystal field
parameter distributions has been also adduced as a confirmation of the possibil-
ity, for the EPR technique, to visualize the CS distribution in metallo—proteins
(58], One would not expect that alcohols, at the low concentrations employed,
affect significantly the freezing of the protein solutions. Then, the spread in
the A; and A, distributions, which, moreover, depends on the particular added

alcohol, probably arises from an intrinsic heterogeneity of the protein solution.

3.4.4 Effects induced by pH changes

The quite small modifications in the crystal field parameter distributions seem
to point out that the large deviations of pH, from the physiological value, do not
result in drastic change in the protein solutions. However, since modifications
in both the solvent properties and in the protein structure, as induced by pH
changes, are expected, the observed modifications in the crystal field parameter
distributions could be attributed to such effects. It should be also noted that
changes in pH values could also yield some freezing-induced effects, through
modifications of solvent properties (for example modifications of the network of

hydrogen bonds).

3.4.5 Differences between Mb and Hb_

Concerning the observed differences between Mb and Hb samples, it can be

put into evidence that the values characterizing the crystal field barameter
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distributions are quite different for Mb and Hb samples, (see Tables 1 and 2).
In particular the widths of the distributions oa,, oa, result much larger in
Hb than in Mb samples. Nevertheless, the modifications in the crystal field
parameter distributions, as induced by slow cooling rate and by addition of
glycerol, show a simular behaviour in both the proteins. Since the exposition of
the metal ion to the solvent is quite different in these two proteins (8%} changes
in the heterogeneity around the metal ion are probably mediated by the protein
milieu globally, rather than being determined by variations in the local coupling

of the solvent to the heme pocket.

On the contrary, addition of glycerol yields variations on oa, much larger in Mb
than in Hb samples. In this case, a different exposition of the active site with
respect to external environment could be crucial. An active site more exposed to
the bulk, as in the Mb molecule, experiences, in a more direct way, modifications
of the solvent; while, in a less exposed site, changes of the solvent should result
mediated by the protein matrix and then result weaker. In this respect, the
study of the separated o and # Hb polypeptide chains could provide more
conclusive information about the role of the solvent and the interplay between

chains in Hb.

3.5 Summary

The spread in the crystal field parameter distributions, extracted by EPR
spectra of Mb and Hb samples in different conditions, should be regarded as in-
duced by an intrinsic heterogeneity in the pi‘otein structure. Such a heterogene-
ity can be due to to the presence of CS distribution which also could result in a

heterogeneity in the microenvironmental around the metal ion. An additional
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effect due to freezing procedure cannot be excluded, but its contribute seems
to be smaller with respect to the other ones. The CS distribution is affected
by the composition of the solvent, by the pH value, by small amount of added
alcohols, and also by the cooling rate to which samples have been submitted. At
this point, it is required to analyze the crystal field distributions A; and A, in
terms of a structural heterogeneity in the microenvironment around the metal
ion. In other words, the changes in the microenvironment of the heme-group,
which result into modifications of the A; and A, parameters, should be put
into relation to the presence of the CS distribution. A model which connects
the spread of the crystal field parameters to CS distribution will be presented

in the next Chapter.



Chapter 4

Application of AOM to
high spin ferric myoglobin

4.1 General principles of AOM

The Angular Overlap Method (AOM) was originally developed by Schéffer and
Jorgensen [8! to rationalize the energies of orbitals in metal complexes. This
method, which is a simplification of the LCAO-MO method, can be employed
to evaluate the splitting of the Fe3T d-orbitals, as induced by the presence of
the ligands.

The AOM takes its name and gains its power by representing the overlap integral

S between two orbitals as a simple product of radial and angular terms
S =05, (r)F,\,w (38)

Sx(r) depends upon the distance between the two atomic centers, the nature
of atoms and the types of orbitals; S)(r) is also dependent upon whether the
overlap has local A = o, 7 or § symmetry. The angular term F) , is a simple
function of the angular polar coordinates 6, ¢ of one atom relative to another;
different functions being found for different values of ).

In the AOM basic approach, it can be shown (see e.g.ref. [82]) that the energy

change, ey, of a given metal orbital, as induced by a ligand on the z—axis, is
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given by
ex = K\S}FZ, (39)

In the Wolfsberg—Helmholts approximation (83] the K constant results to be

Hy,

Ky o~k
AT Hy - Hy

(40)

where Hps and Hj, are the metal and ligand orbital energies, respectively.

If the ligand is not on the z-axis, a rotation of the coordinates is required.
Under the assumptions that the effects of different ligands, on a given metal
orbital, are additive and that the ligand-ligand overlap can be neglected, it can

be shown that the general ligand field matrix element can be expressed as

N
< ¢£ | Vv l ¢j >= ZZeAnFAw(¢£)Xn)FAw(¢J'7Xn) (41)
Aw n

where V is the potential induced by the ligands; the first sum on the metal
orbitals is referred to a coordinate system x’y’z’ such that the i-ligand is on
the z’ axis; the second sum is extended to the N ligands X,. Fi, (¢, X,) and
F\o(¢j,X5) are the columns of the AOM rotation matrix which relates the
metal orbitals in the primed and unprimed coordinate system (for the angular
dependence of the Overlap Integrals see Tables in ref. (82]).

Given a system of assigned geometry, in order to evaluate the matrix elements
in eq.(41), three independent parameters, e,, erand es, for each ligand are
required. In our case, it seems feasible to neglect é6 bond effects, and only two
parameters for each ligand are used. In general, the semiempirical parameters

ey could be theoretically evaluated or deduced from experimental data [84],
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4.2 Application of AOM to high spin ferric Mb

The crystal field parameters A; and A, can be expressed in terms of two
different contributes; the splitting of the d—orbitals, induced by the presence of
the ligand field, can be evaluated by means of the application of the AOM; and
the electrostatic contribute can be expressed in terms of the Racah parameters.
For cubic symmetry, the electronic configurations of the states 64,, 4A,, “E,
and *E, in Fig.2.7, are given by

64, — gtptetgtet
“Ay — £Tnttet
1 V3 (42)
‘By — §f+772§+9+ + —5*f+772§+€+
1 V3
‘Ey — ‘2'5277+§+9+ + 75277+§+€+
where the symbols &, 7, ¢,  and € stand for the one electron levels dy ., dzz, dzy,
d,2, and dzz_y3, respectively. The electrostatic contribute to each electronic

state, expressed in terms of the Racah parameters B and C, is given by
4, - 10 A-35B
‘A4 +10A-13B+T7C
(43)
‘E1—10A-25B+5C

‘E, +10A—-24 B+5C

From eqs.(42-43) and from the definition of A; and A; (see Fig.2.7), it follows
Ay = E(*A;) — E(°A;) = [E(¢) — E(¢)] + [22B + 7C] (44)

and

Ay = E(*E) — E(®A;) = = {10B +5C| + [11B + 5C]} +

[ -RR
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11

L2 s~ p@)+ 2180 - BO) + B0 - EO)} (49)

It is known that the heme complex in metMb is a six—coordinate compound
arranged in tetragonal symmetry to which a small rthombic distortion should
be added. For sake of simplicity, we assume that the four ligands of the heme-
plane are equivalent; in this case only six parameters, instead of twelve, are
required to apply the AOM.

Concerning the geometric arrangement of the ligands around the metal ion in
Mb, there are many experimental evidences pointing out that, in the high spin
configuration, the iron, in both ferrous and ferric form, is displaced out of the
heme-plane to the proximal histidine side. In ferric Mb, this displacement,

called a, is about 0.40 A (54 (while in ferrous Mb, it is about 0.45 A 8]y,

z axls
LIGAND 9 o
. 90° | o
HEME PLANE 2 90 N 90 .
NN N NN NN NN
T RRRIRIRRRIiIiRRRy e plene

~ % 3 90° | 180
SN 4 90 | 270°

) 180° 0°

ligand
5 ?F 8 6 0° . 0°

Figure 4.1. It is shown the geometrical arrangement of the ligands around the metal ion in the
heme—complex. The values of the angles # and (ﬁ employed in the AOM approach, are reported for
each ligand.

In Fig.4.1, the arrangement of ligands around the metal ion, together to the
values of the angles 8 and ¢ characterizing the positions of these ligands, are
shown.

The following symbols for the AOM parameters have been employed: el and

el to describe the four equivalent ligands of the heme-plane; ell and ell to
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describe the ligand in fifth position, 7.e. the N atom of the imidazole belonging
to the proximal histidine; finally, e/’ and el!! have been associated to the
ligand in the sixth position (i.e. the bound water molecule).

We have conducted a preliminary analysis by varying the AOM parameters in
a wide range consistent with the experimental data. This range is

el from‘ 500 cm™!  to 10000 cm ™!

(=2

el! from 500 cecm™' to 10000 ¢!

4

el from 500 cm™' to 10000 cm ™!

(e—W)I from 0.1 to 0.4

€o
(-e-zr—)H from 0.1 to 04
€o
(£ from 0.1 to 0.4
€o

Moreover, it has been assumed that the Racah parameters B and C, which in
the free ion assume the values 1015 ¢m™! and 4800 c¢m ™!, respectively, can
be lowered as consequence of the ligand field. In Fig.4.2, an example of the
influence of the B value on A; and A, values hés been shown. It is evident that
to larger B values, larger values for A; and A, correspond.

Some examples of the behaviour of A; and A,, as function of the AOM param-

eters, for a fixed geometrical arrangement of the system, are shown in Fig.4.3,

I Ir

IIT
o? eo’

and e

(concerning e
€

), and in Fig. 4.4 (concerning (f:)", (&=)II and

()71,

€o

It can be seen that an increase of the eCI, value yields a decrease of the A; and

A values; such an effect being more marked for A;. On the contrary, A; is not

III

> ' values, while the A, value is lowered

affected by changes in the el and e
according to the sum of the el and el’7 values.
Fig.4.4 shows that an increase in the (2=) value causes an increase of both A

and A values; moreover, A; is not influenced by (£=)/ and (£=)7/! which, on
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Figure 4.2. A 1 and Ag as function of the B parameter. Open symbols refer to A 1; full symbols
refer to Ag. The values of the AOM parameters are: 65 = 10000 cm'l, 651 = 2000 cm‘l,

e,’1 =500 cm~!, (&=)T = 0.1, (&=)F = 0.15; (&) 77 = 0.15; 0 and § are given in
Fig.4.1

the contrary, affect the A, values. Therefore, in general, it should be remarked
that the AOM parameters concerning the ligands on the heme-plane can affect
both the A; and A, parameters, while the AOM parameters associated to
ligands in axial position can only affect As.

In order to reproduce the central values of the crystal field parameter distribu-
tions, obtained by the simulation of the EPR spectra (Table 1), the e, parame-
ters should be chosen according to the value of the Racah parameters. In what
follows, a value of 500 ¢m ™! for B and a value of 2200 ¢m—1 for C, the latter
being derived from the condition C = 4.4 B , have been used. These values
for B and C fall within the allowed range for iron complexes [49].

Concerning the e, parameters, the approximative employed values are: el ~
10000 cm ™1, el! ~ 2000 ¢cm~1 and el ~ 500 ¢cm™—!. These values are different
from those used for Fe?+ [89]; but the higher oxidation state of iron in the
present case can make plausible the assumed values. In addition, the value of

el is expected to be smaller than el!, since iron is displaced in the direction
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Figure 4.3. A and Ag as function of the parameters: Cg, (2); e";I(b) ; eg,H (¢) are shown.
Open symbols refer to A]_; full symbols refer to Ay. In each figure, all the other AOM parameters

are kept fixed; in particular, the following set: C{, = 10000 cm_l, CéI = 2000 cm“l,

el’T = 500 em™1, (&) = 0.1, (&)1 = 0.15; (£=)7IT = 0.15 has been employed.
o 4 Co :

Moreover, the values B = 500 em™ ! and C = 2200 e¢m ™1 have been used; § and ¢ are

given in Fig.4.1.

of the fifth ligand. Moreover, in agreement with ref. 86] we have used (f")’ =

0.1 and (%:)H = (%:)I” = 0.15, as fixed values.

For sake of completeness, some rhombicity effect should be considered. In our
simulation, a rhombicity distortion, derived from the splitting of the ¢ and
n levels, has been introduced through the  parameter (see Fig. 2.7). Such
a splitting can be reproduced, in the AOM approach, both by considering a
small distortion of the porphyrin core (87 and by introducing small slidings of
the porphyrin with respect the metal ion (41 However, since this contribute

is much smaller than the other ones, it has not explicitly introduced in our

calculations.
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Figure 4.4. A1 and Ag as function of the parameters: (%’:)I (a); (%,:)II (b); (%:)III

(c) are shown. Open symbols refer to A1; full symbols refer to Ag. In each figure, all the

other AOM parameters are kept fixed; in particular, the following set: ecIr = 10000 Cm—l,
— -1 —_ - — — I _ 4
eIl = 2000 e~ Y, elfl = 500 em ™1, (&)1 = 0.1, (&)1 =0.15 (&=)HT =0.15

has been employed. Moreover, the values B = 500 em ™! and C = 2200 e~ ! have been
used; 0 and @ are those given in Fig.4.1.

4.2.1 A model to interpret the EPR results

The analysis shown in last section will be the starting point to interpret the

results concerning the crystal field parameter distributions of Chapter 3.

At first, we consider the central values, A§ and A of the distributions cor-
responding to Mb samples in different conditions. The observed variations of
these parameters could be mainly attributed to changes occurring to ligands
in both the fifth and the sixth positions, since ligands on the heme—plane are
assumed to be very small affected by changes in the protein solutions. Accord-
ingly, we have assumed that the el

values are equal for all the Mb samples

and we have determined the mean values for the iron-porphyrin displacement
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in order to exactly reproduce the A¢ value. Then, the e/! and eIl yalues have
1 o o

been adjusted to obtain the corresponding value for A§.

TABLE 38 The values of the parameters, employed in the AOM approach, are
reported. @, is the mean value for the iron~porphyrin displacement. e{, is the
II III
o

AOM parameter concerning with the ligands on the heme-plane; € and €,
are the AOM parameters concerning with the fifth ligand and the sixth ligand,

respectively. For abbreviations see section 3.1.

SAMPLE ao(4) el (em™) (el +elT) (em™Y

Mb (Fast) 0.400 10010. 1954.
Mb+Gly (Fast) 0.304 10010. 2160.
Mb+EthGly (Fast)  0.398 10010. 2460.
Mb-Sucro (Fast) 0.390 10010. 1872.
Mb+Meth (Fast) 0.387 10010. 1748.
Mb+Eth (Fast) 0.388 10010. 2100.
Mb pH =5.6 (Fast)  0.396 10010. 2440.
Mb pH=9 (Fast) 0.390 10010. 1775.
Mb (Slow) 0.398 10010. 1920.
Mb+Gly (Fast) 0.398 10010. 2473.

In Table 3, the mean values of the iron-porphyrin displacement, a,, and the
values of the AOM parameters el and el! + el?! which have allowed us to
reproduce the values of A and A§ values are reported for all the analyzed Mb
samples.

By looking at the a, values, it comes out that no large changes occur in the
different Mb samples. The most significant changes concern Mb samples in the

presence of small amount of methanol and ethanol, in which a decrease of a,,
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with respect to that of pure Mb solutions, of about 3% is observed. In all the

other cases, changes smaller than 1% occur.

Concerning the ec{I + ef,I I values, the most significant deviations from the value
of pure Mb solutions correspond to samples in presence of ethylene glycol, in
which an increase of 26% is registered, and to samples at pH=5.6, in which this
parameter increases of 25%. Moreover, elf + el!! decreases of 10% in solutions
with methanol, and of 9% in solutions at pH=9. In this connection, it should
be noted that, since Ay is dependent on the sum of ! + eZ’7, it is not possible -

to single out the contribution of each of the latter.

We consider, now, the spread in the A; and A, values. The distributions in
A; and Ag, reflect the degree of heterogeneity of the microenvironment around
the metal ion and they should be reproduced by distributing some structural
parameters (like the angles § and ¢ and the iron-ligand distance) which char-
acterize the heme—complex. On the other hand, we know that the presence of
CS is responsible for such a heterogeneity (12], The question that can be risen
is how the parameters which characterize the heme-structure can be affected
by the presence of CS distribution. The fact that protein molecules may as-
sume different CS yields, as it has been observed by X-ray diffraction (16,40] 5
significant mean—square displacement of each amino-acid residue (see Chapter
1). Therefore, it could be expected that the ligand in the fifth position, which
is directly bound to the protein chain and senses the effects induced by the
presence of CS distribution, can, on turn, exercise some effect on the metal
ion and induce some changes in the heme—group structure. In this context, it
should be observed that proximal histidine shows a mean square displacement,
< 22 >, of about 0.1042; in particular, for metMb (see Fig.1.3), a value of

0.07A? from extrapolation to 0 K, and 0.12A42 from interpolation to 300 K [40]
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are observed. Therefore, it could be assumed that such a disorder in the prox-
imal histidine position may be responsible for the modulation of the strengths
exercised, from nitrogen of imidazole, on the iron. On such a ground, it is rea-
sonable to assume that, as consequence of the presence of different positions of
the proximal histidine, the iron is forced to change its position with respect to
the heme-plane. In other words, it can be supposed that the iron can follow
the histidine displacements, and then, it changes its geometrical arrangement
with respect to the other ligands. On the other hand, there are many exper-
imental evidences supporting the fact that the iron position, in ferrous deoxy
Mb, is distributed [16:48] [88:89] Tt is plausible that also in high spin ferric Mb
samples, the distance of iron from the heme-plane is distributed according to

the presence biomolecule structures in many different CS.

In such a context, we have tried to numerically reproduce A; and A, distribu-

tions by introducing a distribution in the iron position.

The model employed to interpret the results extracted by simulations of the
EPR spectra can be summarized as follows. Because of the presence of CS
distribution, proximal histidine forces the iron to assume different positions
with respect to the heme-plane, this fact implies a change in the geometry of
the system, 7.e. in the values of the § and ¢ angles and in the length of the iron—
ligand bonds. In this context, it can be observed that, since an increase of the
bond-length causes a lowering of the angular overlap integral S, a correction,
depending on the iron-porphyrin displacement, should be introduced in the
AOM approach. A correction has been introduced, in agreement with ref. oo},

alos by taking into account that the dependence on the bond-length is more

marked for the e, parameter.

In general, there is not any reason for which the iron should be symmetrically
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Figure 4.5. A gchematic figure showing the coupling between the iron and the protein matrix

through the action of the proximal histidine.

distributed around the mean value. Indeed, a sort of asymmetry could be
expected for the iron displacement. To encompasses such a possibility, the
distribution has been assumed to be given by a gaussian characterized by two
variances: one fof the negative displacements and one for the positive ones;
where negative means that the iron is brought near the iron, and positive that
it is taken away. Starting from the A; and A, distributions, a fit has been

performed in order to extract the variances of the iron-porphyrin displacement.

4.3 Results

The results obtained by the application of the AOM to the EPR results, shown
in Table 1, are reported in Table 4.

Fig.4.5 shows an example of the agreement between the A; and A, distribu-
tions, as derived from the analytical expression of gaussians with central values

and variances taken from Table 1, and those obtained by the fit based on the



RESULTS 64

1_25: IllllllllllllllllIilll[ll : :_-L_.L‘lllillllllllll ‘l‘—l?
100 F— = E =
0.76:_-_—- — B -
~~ e - - -
d = o = ]
080 - — —
025 - B -3
000 ;Il lllllllllllllll\! lll: ; ll[llllll‘llll :
1500, 1760 2000 2250 2500 2760 3000 4000 6000 6000 7000 8000
Al A_Z

Figure 4.6. The gaussian distributions, f(A), of the crystal fleld parameters A1 and As
(continuous lines) and the fit (square symbols), extracted by the AOM approach, concerning with
pure fast cooled Mb samples at pH = 6.7, are shown.

model presented in the last section. The o, value concerning with pure Mb
solutions (0.05754) is to be compared with that of ferrous deoxy Mb. In this
case, different experimental techniques provided different results: o, should fall
within the interval 0.07 A — 0.3 A [(16:48] [88,89]  The smaller value, for ferric
Mb, can be justified by both the higher oxidation state for the iron and the

presence of the weak sixth ligand.

The values of column 4 in Table 4 point out that a significant asymmetry is
present in the distribution of the iron—porphyrin displacement. In particular,
the iron prefers to approach to the heme plane rather than to take away from
it. Even if no experimental evidence can be provided, it could be assumed
reasonable that the ligands on the heme-plane, in connection with the action
of the 6th ligand, might prevent the iron to perform large displacements to the

proximal side.

Addition of large amount of glycerol, ethylene glycol and sucrose to Mb solu-
tions, which, as it has been seen in Chapter 3, causes a narrowing of the crystal

field parameter distributions, results in a significant decrease in the o, value.
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TABLE 4 The values of root of variances for the gaussian distributions
of the iron—porphyrin displacement, @, as extracted from the results in
Table 1 by a fit based on the AOM approach, are presented. The mean
value @, of the distributions has been shown in Table 3. 0’; concerns

with the approach of iron to the heme—plane; 0‘2_ concerns with the de-

-t
o7 +o
parture of iron from the heme-plane; the mean value, g = —“;—‘L,

T
and the ratio, ';‘f‘,:, are also shown. In each case, the goodness of the fit
a

has been confirmed by the Xz test. For abbreviations see section 3.1.

SAMPLE o.(4) o7 (A) of(4) %‘_‘;—

:
Mb (Fast) 0.0575  0.0646  0.0504  1.28
Mb+Gly (Fast) 0.0325 00340  0.0302  1.16
Mb+EthGly (Fast) ~ 0.0874  0.0404  0.0343  1.18
Mb+Sucro (Fast) ~ 0.03885  0.0423  0.0346  1.22
Mb+Meth (Fast) ~ 0.0522  0.0683  0.0461  1.26
Mb-+Eth (Fast) 0.0500  0.0557  0.0443  1.26
Mb pH=5.6 (Fast) ~ 0.0564  0.0632 0.0496  1.27
Mb pH =0 (Fast)  0.0540  0.0509  0.0481  1.25
Mb (Slow) 0.0563 0.028 0.0498  1.26
Mb+Gly (Slow) 0.0308  0.0326  0.0200  1.12

This effect is more marked for samples with added glycerol, in which o is
lowered of 46% and o of 40%; while for ethylene and sucrose, o is reduced
of 37% and 34%, respectively; and o is reduced of 32% and of 31%. The ratio
%‘2-,-: appears to be reduced as compared with that of pure Mb indicating a more

symmetrical behaviour for the spread of the iron position.

Addition of small quantities of methanol and ethanol to pure Mb solutions
causes a lowering in both oy and o] values; the effect being more marked

— is decreased of 10% and 14% for samples with

for ethanol. In particular, o
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methanol and ethanol, respectively; while o is reduced of 9% for samples with
added methanol and of 12% for samples with added ethanol. The ratio —a-::; is

Tu

slightly affected by the addition of these alcohols.

The lowering pH affects little the o, and ¢ values: both of them decrease of
about 2%. More significant changes are, on the contrary, observed by increasing
the pH value: o is decreased of 7% and o of 5%. The ratio %ﬁ‘:— is not much

a

affected by pH changes, small decreases being observed in both the cases.

For pure Mb solutions, o is reduced of 3% and o of the 1% when the samples
are submitted to slow cooling rate. In samples containing glycerol, slow cooling
rate causes a reduction of ¢ of 7% and of o] of 4%. Moreover, a small

decreasing in the asymmetry of the iron distribution is observed.

4.4 Discussion

The distributions of the crystal field parameters A; and Aj, extracted
by simulation of the EPR spectra of high spin ferric Mb solutions in different
conditions, are indicative of a significant heterogeneity in the microenvironment
of the iron. The AOM approach allowed us to rationalize this heterogeneity in
terms of a distribution of the iron—porphyrin displacement. Such a displacement
can be modulated by the proximal histidine which on turn may be determined
by the particular conformational substate assumed by the protein. In other
words, the proximal histidine, frozen in different position being affected by the
presence of CS distribution, forces the iron to assume different arrangements

within the heme—~complex.

It should be noted that, since different positions for the iron, with respect

the heme~plane, are involved in the ligand and unligand state of the protein
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80] the iron—porphyrin displacement is a parameter directly involved in the
biological functionality [48l. On such a ground, our results from EPR and AOM
approaches, are discussed in connection also with some results from models of

rebinding kinetics.

It should be moreover remarked that the iron—porphyrin displacement is a pa-
rameter which can be analyzed by means of other spectroscopic investigations;
e.g. band III, a charge-transfert transition involving iron and porphyrin states,
occurring in ferrous deoxy Mb, could be employed to extract information about

the iron position 139,

4.4.1 Connection with rebinding models

Several theoretical approaches have been developed in order to explain rebind-
ing kinetics, as studied by flash photolysis experiments, by means of models
taking into account the coupling between protein dynamics and biological func-
tionality [46:47] [48:91] In the Srajer et al. model (48] which is a development
of the Agmon and Hopfield (46] and of Bowne and Young 47! models, the en-
semble of Mb molecules is described by three coordinates: r, Q and x; r is
the reaction coordinate corresponding to the distance Fe-ligand (CO); Q, the
iron-porphyrin coordinate, is equal to the displacement of the iron from the
porphyrin—plane; finally, x, the internal protein coordinate, takes into account
the fact that protein molecules in the solution are arranged in many different
CS. The peculiar difference of this model, with respect to the Agmon-Hopfield
and the Young—Browne models, is that the distance of iron from the heme-plane

is assumed to be a parameter essential to treat rebinding processes.

Even if the model deals with Mb in the ferrous form, the extension to the ferric
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form, for the particular aspects to which we are interested, can be performed
without substantial modifications.
The probability distribution of the internal coordinate x can be expressed, by

means of the quasiharmonic approximation 9%, as

1

2 _t!z—:‘z!z
P(z,T,) = [?7}—1}%—17:{ e BT (46)

where kg is the Boltzmann constant and z, is the most probable value for the
internal protein coordinate depending on the protein state; for the temperature
T,, it is

T,=T f T > Ty (47)

To=Tf of T < Ty (48)

where T is the current temperature of the sample and T is the freezing tem-
perature, t.e. the temperature below which transitions among CS cannot occur
and the protein coordinate x is frozen. The force constant f takes into account
for both protein—solvent and protein—protein interactions.

At low temperature, the ligand, after the rupturing of its bond with the iron,
passes to the heme-pocket from which it can rebind to the iron. The barrier

that the ligand must overcome to binding to the metal ion, is assumed to be
1.2
H(a)=HD+§Ka (49)

where Hp, the distal pocket work, takes into account the overall effects involved
in the distal part of the protein, (i.e. the side of the distal histidine). The second
term in eq.(49), to which we are particularly interested, takes into account
that iron, after the breaking of the binding and having relaxed away from the
heme-plane to the proximal histidine site, is forced to move back to the heme—

plane. The force involved in this process has been considered proportional to the
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distance a that iron must cover in order to bind the ligand. Some experimental
confirmations, for the dependence. of H from a, come from kinetic hole burning
measurements on band III in photodissociated MbCO [39],

Since the protein matrix is directly bound to the metal ion, through the proximal
histidine, the displacement a of the iron is expected to be coupled to the protein
structure; then, to each substate of the protein can correspond a mean distance

a. In the Srajer model, this coupling is assumed to be expressed as
a(z) = ao + a(z — z,) (50)

where a, is the average value for the iron-porphyrin displacement and « is
the coupling parameter between iron and protein matrix. In general, it should
be expected a more complex dependence for a(z) from x; however, the inde-
pendence of a from x could be assumed, at this level of approximation, to be
reasonable.
From eq.(46) and from eq.(50), it can be derived that the distance a is dis-
tributed in a gaussian way with the variance given by

o2 = &ksTy (51)

f

By means of this expression, it is possible to put into relation the spread of
the a parameter to the f constant associated to the distribution of the internal
protein coordinate.
We will try to use the above discussed model to our results. First of all, we have
found that the displacement of the iron from the heme-plane is distributed in
an asymmetrical way with respect to the equilibrium position. This fact could
be interpreted by assuming that two different coupling parameters should be

introduced: one for the approach of the iron to the heme-plane (™), and one
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for the departure from heme-plane (a™). Now, however, a single parameter a,
derived from the mean value o,, is employed.

From eq.(51), it can be derived the expression

f ksTy
L=t (52)

From the values reported in Table 4, and known the values of the freezing
temperature Ty, the values for —&% for all the analyzed Mb samples can be
calculated through eq.(52). The coupling between the protein matrix and the
iron, expressed by the « constant, is associated to an intrinsic property of the
protein molecule; then, it can be assumed to be independent on the conditions to
which the protein is submitted. On the contrary, the f constant, which is directly
connected to the distribution of the internal protein coordinate x, is expected
to be strongly dependent on the external conditions, 1.e. solvent composition,
pH etc. Therefore, if the o parameter is assumed to be the same for all the
analyzed Mb samples, from the values of EL?’ some information concerning the
distribution of the internal protein coordinate x, as induced by external agents
could be extracted.

We introduce now a new parameter that could allow us to estimate the hetero-

geneity of the system. Let us consider the expression

XM

F(f,T,) =/ P(z,T,)dz (53)

—XM
where P(z,T,) is given by eq.(46) with z, = 0.
F is the fraction of molecules, at the temperature T,, which have an internal
coordinate x between —X s and Xas. Since f is unknown, we introduce a new
variable y = oz, so that eq.(53) becomes

Y, 3 fGeua)?
rlr) = [ | 59
a2’ ° —vy, L27a2kpT,
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By inserting in eq.(54) the ;fg value, and provided that T, and F are known,
Ym(To, F) can be calculated. This quantity can be assumed to represent an
estimate of the heterogeneity of the system. Actually, if at the temperature T,
the same fraction F of molecules is distributed over a wider protein coordinate
range, an increased heterogeneity is then present in the system. In other words,
Ym(To, F) gives some information about the number of protein molecules which
have different internal coordinates, i.e. different CS, at the temperature T,.

The above mentioned results are summarized in Table 5.

TABLE 5 The values of the freezing temperature Tf, of -‘LQ, de-
rived from eq.(52) by using the mean value for 04, and of X js, ex-
tracted by eq.(54), are reported. The freezing temperatures that are
not referenced should be considered as indicative, since experimen-
tal data are not available. YM(T, F), has been obtained with T =
300 K for fast cooled samples, and with T equal the corresponding
freezing temperature for slowly cooled samples. For abbreviations

see section 3.1.

kJ
SAMPLE Tf(K) ;ﬁif (m) YM(A)
Mb (Fast) 22040} 553. 3.50
Mb+Gly (Fast) 180122l 1417. 219
Mb+EthGly (Fast)  160(22] 051. 2.67
Mb+Sucro (Fast) 220 1237. 2.34
Mb+Meth (Fast) 220 671. 3.18
Mb+Eth (Fast) 220 732. 3.04
Mb pH=5.6 (Fast) 220 575. 3.43
Mb pH =9 (Fast) 220 627 3.29
Mb (Slow) 220(46l 577. 2.93
22)

Mb+Gly (Slow) 180! 1578. " 1.61
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It can be noted that addition of large amount of glycerol, ethylene glycol and
sucrose causes a large increase of the f parameter and also a decrease of the
parameter Yps. These results point out that addition of these solvents results
into a significant decrease in the heterogeneity of the system. Because of the
increase of the force constant f, as induced by these added solvents, the increase
of solvent—protein interaction should considered as responsible for such an effect.
Addition of small amount of methanol and ethanol results in a quite large
increase of f and in a decrease of Yjs values; moreover, such an effect is more
marked for samples in presence of ethanol.

The f and Y, values seem to be not much affected both by increase and by
decrease of the pH value; in any case, higher pH values seem to be more effective
in narrowing the CS distribution.

Finally, it should be noted that slow cooling rate yields a small increase of
the f value in pure Mb solutions, and a more significant increase in solutions
with added glycerol. On the contrary, in both cases, it is observed a significant
reduction of the parameter related to the heterogeneity (Yas). The fact that
the f parameter is affected by the cooling procedure means that a modification
in the system can be performed by acting on the cooling procedure. In other
words, the intrinsic ensemble of CS can be modified by the cooling rate. The
significant decrease of the value of Y, is to be attributed to the fact that it has
been assumed that the system can equilibrate until the freezing temperature is
reached. This assumption requires some discussion and it will be done in the

next section.
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4.4.2 Cooling rate effects

Small modifications have been obtained in the spread of the iron-porphyrin
displacement as induced by slow cooling rate. In the hypothesis that such an
effect could be attributed to a modification of the CS distribution, different

possible causes should be taken into account.

First of all, the dependence of distributions on the cooling rate could be due
to a modification of hydration water as induced by the cooling process. In this
context, it should be noted that calorimetric measurements have shown that
the amorphous character of the adsorbed water in Mb displays a significant
dependence on the cooling rate [3%:3%, On such a ground and with the additional
support of dielectric results (93] it has been hypothesized that protein dynamics
is coupled to the water dynamics which, in turn, is modulated by the kinetics of
the H-bond network. In such a framework, the protein CS distribution is seen
as induced by the multiplicity of the water states, (multiplicity of the water
cluster dimensions). Then, a sufficiently slow cooling rate, which is able to
reduce such an heterogeneity (leading to a less amorphous character), would in
turn reduce the multiplicity of the CS. In other words, it could yield a decrease
in the number of accessible CS and then a narrowing of the CS distribution. The
presence of an effect which is able to modify the intrinsic CS distribution can be
also seen through the changes in the f value as induced by different cooling rates.
In fact, the modifications in the force constant f mean that the distribution of

internal protein coordinate can be really affected by cooling procedures.

Furthermore, a sort of “condensation” might take place in the molecules popu-
lating the CS distribution. A rapid cooling; probably, does not allow the system
to thermally equilibrate during the temperature decreasing. As a consequence,

it could happen that the CS landscape of the final state practically coincides



DISCUSSION 74

with that corresponding to the initial state; in other words, a sort of photogra-
phy has been performed on the system. On the contrary, we can imagine that,
if the temperature is gradually decreased, the system may reach the thermal
equilibrium until the freezing-temperature Ty and the protein molecules could
condensate in those CS with lower energy. This means that transitions among
CS can take place during the lowering of the temperature, however, not all the
transitions are allowed. The final state should correspond to the state at which
transitions among CS cannot be anymore performed, i.e. at the freezing tem-
perature of the system. In other words, the CS distribution may be affected
by the cooling rate as a consequence of the different partition of the molecules
with respect to the CS energy distribution. In order to quantify this effect, let
us consider the expression

Yaua(Th, F) = Yo (T3, F)
Y (Th, F)

C(Ty, T2, F) = (55)

where the temperatures T; and T are both higher ( or equal) than ’the freezing—
temperature and satisfy the condition Ty > T2. Yas(T, F) is derived from eq.(54)
for a given fraction of molecules. As we have already said, Yas(T, F) can be
assumed to satisfactorily represent the heterogeneity of the system. We have
put T; equal to the room temperature, and T3 to the freezing-temperature de-
pending on the solvent composition of the system. The parameter C(Ty, T2, F)
indicates in which way a condensation effect could affect our samples.

For pure Mb, by employing the f constant related to fast cooled samples, it
results C = 0.14. This value points out that a significant reduction in the
heterogeneity of the system could be induced by acting on the cooling rate.
For Mb samples in presence of glycerol, it is C = 0.23; this larger value of C,
with respect that of pure Mb samples, could be attributed to a decrease of the

freezing temperature as induced by the presence of glycerol, so the system is
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allowed to follow the thermal equilibrium at a lower temperature. This fact
would imply that a slow cooling rate could be more effective in determining a
condensation in samples containing glycerol with respect to samples without
glycerol. The values for the C parameter should be compared with variations of
the parameters extracted by EPR spectra (principaily the spread of A, and a) as
induced by slow cooling rate. In general, these variations are about 2% and 6%
for samples without and with added glycerol, respectively. Then, the observed
changes are smaller than those expected. This fact can be explained by taking
into account that it is probably that slow cooling rate cannot be completely
efficient to yield a condensation of molecules in the states with lower energy.
In other words, it could happen that some constrains on the protein solution
prevent the system to reach a complete condensation. However, it should be

noted that the trend in presence and in absence of glycerol is confirmed.

Anyway, it should be remarked that the presence of other effects which could

be superimposed to these ones cannot be ruled out.

To sum up, the results point out that, on one hand, a slow cooling rate can
affect the population in the CS energy distribution by lowering the heterogeneity
of the system; on the other hand, the lowering of the freezing—temperature of
system, due to the presence of glycerol, can be adduced as responsible for the

magnification of the effect induced by the slow cooling rate.

4.4.3 Effects induced by solvent composition

In general, addition of glycerol, ethylene glycol and sucrose to Mb solutions
results into a significant decrease in the spread of the iron-porphyrin displace-

ment. Since iron is not directly exposed to the external solvent, modifications
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induced by addition of these solvents should be attributed to a reduction in
the heterogeneity of the strengths exercised by the proximal histidine onto the
metal ion. In other words, proximal histidine, directly bound to the protein
matrix, undergoes, in the presence of these solvents, to weaker perturbations
from other parts of the protein, affecting in a less significant way the metal ion
position. These results can be directly interpreted in terms of a reduction in
the heterogeneity in the CS distribution as induced by addition of these sol-
vents. Moreover, the observed increase of the force constant f concerning with
the distribution of internal protein coordinate x, points out that these effects
could be attributed to an increase of the strengths related to the protein-solvent
interaction, and that a sort of stabilization is induced in the protein molecule
941, It should be remarked that addition of glycerol, ethylene glycol and su-
crose causes an increases of the viscosity of medium and therefore, these changes
might be responsible for a decrease of the protein mobility leading to a damping
of the protein motions. Moreover, it has been observed that glycerol, which is
preferentially excluded from the domain of protein (first hydration shell) [94:9%],
causes a decrease in the hydrogen—bond-rupturing capacity of the medium (9%
and then stabilizes the protein structure. Such a constraint on the dynamics
of the solvent, could be responsible for the decreased number of accessible CS
and for the decrease in the structural heterogeneity of the protein molecules
observed in the presence of glycerol. A similar mechanism might be operative
for what concerns protein solutions in presence of ethylene glycol which shows
chemico-physical properties similar to glycerol. Moreover, a similar constraint
on the protein dynamics can be induced by sucrose which, however, is known to
stabilize the protein structure through an increase of the water surface tension

(96,97] which, on the contrary, is slightly decreased by the presence of glycerol.
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To asses which one of these molecular mechanisms is operative would requires a
deeper investigation but, in any case, it should be remarked that modifications
in the solvent properties might affect the CS distribution. In this context, it
should be noted that data from rebinding kinetics experiments performed in
presence of glycerol or ethylene glycol, should be discussed in close connection

with these results.

4.4.4 Effects induced by addition of small amount of alcohols

Since the decrease in the o, parameter is induced by addition of methanol and
ethanol in quite limited quantities, at which the intrinsic CS distribution of
the protein is not substantially modified, it should be attributed to some kind
of modifications, independent from CS distribution, in the microenvironment
around the metal ion.

As we have already mentioned, methanol, and probably ethanol, are directly
bound to the metal ion [ and so they are able to affect the crystal field
parameters. From Table 3, it is evident a reduction of the mean value of the
iron—porphyrin displacement for Mb samples in presence of these alcohols. This
effect could be reasonably explained by admitting that a stronger force sensed
by the iron through the action of the sixth ligand. This stronger interaction
would hold the iron closer, in average, to the heme-plane and, in the mean time,

would restrict the distribution of possible a corresponding to different CS.

4.4.5 Effects induced by pH changes

Changes of the pH value with respect the physiological value, result into a quite

small modification of the spread of the iron—porphyrin displacement. These
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results seem to point out that that no drastic changes in the protein structures
occur. In general, it should be noted that the pH value can affect the protein
solution in different ways; on one hand, it can affect the protein structure, e.g.
through changes of the electrical charge of amino-acid residues; on the other
hand, it can affect the solvent properties through modifications of the network
of hydrogen-bonds. Therefore, the CS distribution could be affected by changes
in the pH value both by means of changes .of the overall protein structure, and
by the modifications in the hydration water. It has been observed, by infrared
spectroscopy, that pH value affects the CS distribution in MbCO solutions [3l: in
particular, the distribution of the CO positions, with respect to the heme-plane,
results to be significantly modified by lowering of the pH value. Our results,
on the contrary, show that in high spin Mb the most significant modifications
occur solutions at pH 9. However, in general, the observed effect on the CS

distribution as induced by pH changes seem not much remarkable.



Conclusions

It should be pointed out that, owing to its high sensitivity in detecting
microenvironmental fluctuations around the paramagnetic probes, EPR spec-
troscopy is a rewarding tool to investigate structural and dynamical properties
of proteins.

The EPR spectra of high spin ferric Mb samples in different conditions
have been carefully analyzed in terms of two crystal field parameter distribu-
tions. This analysis has allowed us to extract detailed information about the
effects induced by added solvents, pH changes and different cooling rates on
the environment around the metal ion. The presence of the crystal field pa-
rameter distributions can be directly put into relation to the existence of CS3
distribution.

An approach based on the AOM has allowéd us to correlate the crystal field
parameters with the geometrical arrangement of heme—group. The crystal field
parameter distributions can be moreover interpreted as due to the presence of a
distribution in the iron~porphyrin displacement. In particular, the iron position
can be seen as modulated by the proximal histidine which, as consequence of the
presence of CS distribution, may assume slightly different positions. In other
words, the existence of CS distribution -directly reflects, through the action
of the proximal histidine, onto the metal ion which can be found in different

arrangements within the heme—group. Therefore, the iron can be considered
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a reporter particularly suitable to the study of CS distribution in Mb and,
moreover, to the analysis of the agents that could affect the CS distribution.

On the other hand, it can be observed that, since the distance of iron
from the heme—plane is a parameter directly involved into the functional role,
these results should be analyzed in connection with the biological functionality
of the protein. Changes in the CS distribution resulting into modifications of
distribution of the iron-porphyrin displacement, could consequently affect the
dynamical aspects of the biological functionality of the protein. |

In this context, it should be remarked that glycerol and ethylene gly-
col, widely employed to perform flash photolysis experiments by optical spec-
troscopy, can significantly affect the CS distribution. Therefore, as long as the
ferric heme proteins mimic the ferrous heme proteins, at least for their CS land-
scape, EPR constitutes a complementary technique to optical spectroscopy in
order to study the CS energy distribution. In particular, since it does not require
any added solvent and, at the same time, it can be performed in the presence of
different solvents, it results particularly suitable to analyze the solvent-induced

effects on the CS distribution.
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