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Abstract

The electron paramagnetic resonance (EPR) low-temperature spectra of high spin ferric myoglobin sampies in
different solvent composition have been analyzed in terms of a distribution of the energy differences A, and
A, for the iron low-lying electronic states. The widths of these distributions, which are found to be dependent
on the solvent composition, have been correlated to the presence of a frozen ensemble of conformational
substrates. A dedicated analysis based on the angular overlap method (AOM) has allowed us to work out a
quantitative relationship between the A; and A, distributions and the spread of the iron-heme displacement;
this being a structural parameter relevant for the biclogical functionality of the protein. The observed
dependence of the iron-heme displacement distribution on the solvent composition is discussed.
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1. Introduction

Proteins as other complex systems like glasses
and spin glasses show characteristic anomalies in
their low temperature thermal, dielectric and
electron paramagnetic resonance (EPR) proper-
ties [1-4]. Such a peculiar behaviour could be
connected to the presence of an ensemble of
nearly isoenergetic substates belonging to a wide
configurational space [5,6]. These conformational
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substrates (CS) seem to play an important role in
the biological functionality of the proteins [7].
Actually, at physiological temperature, proteins
fluctuate among CS; such a behaviour affecting
the kinetic response of the molecules [8,9]. A
possible connection between the multiple time
scale processes, which characterize the dynamical
behaviour of proteins [10], and the transitions
among the CS is still object of debate [11,12].

By decreasing the temperature, the fluctua-
tions among CS tend to vanish, until the protein
solution undergoes, at T, a glass-like transition
below which the biomolecules appear to be frozen
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in many CS whose distribution may be modulated
by external agents such as pressure, pH and sol-
vents [13-15]; the overall organization of the sys-
tem being reminiscent of the quenched disorder
present in amorphous materials [16].

Myoglobin (Mb), one of the most studied pro-
teins, is a sort of laboratory to investigate the
relationship among CS, dynamics and functional-
ity. Many different experimental and theoretical
resources have been employed to reach a com-
plete understanding of the overall protein be-
haviour [17-26]. An X-ray diffraction analysis of
the low temperature Mb samples points out a
significant mean square displacement (x?) for
both the backbone and side-chain atoms, such an
effect arising from the presence of a frozen en-
semble of molecules in different CS [27]. On the
other hand, most of the techniques employed to
study the CS in this protein have been mainly
focused on the structural and dynamical aspects
of the active site which is constituted by the iron
heme prosthetic group.

The CO-rebinding kinetics studies performed
on Mb at different temperatures by optical spec-
troscopy [5,7,15] (and using a large amount of
added glycerol or ethylene glycol to make the
samples transparent) show a non-exponential time
response of the system. Such a behaviour has
been interpreted in terms of a distribution in the
enthalpy barricrs involved in the rebinding pro-
cess and possibly connected to a distribution of
some structural parameters related to the iron-
ligand binding [21]. In this connection, a crucial
role seems to be played by the iron-heme dis-
placement which has been found to show a signif-
icant spread around its average value [28]. In this
context, it is reasonable to suppose that such a
spread could be related to the presence of the CS
distribution [28]; the proximal histidine acting as
a link between the prosthetic group and the re-
maining portion of the molecule [29].

In the present paper EPR spectroscopy, which
is very sensitive in detecting even subtle changes
in the microenvironment of paramagnetic ions
and which has been shown to be particularly
suitable to investigate the presence of CS distri-
bution [4,26,30-34], has been applied to high spin
ferric Mb frozen solutions in order to better
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assess the relationship between the presence of a
Mb molecule CS distribution and the spread in
the iron-heme displacement. The EPR spectra of
the paramagnetic Mb samples in different solvent
composition, have been analyzed by computer
simulation in the framework of a statistical model
assuming a Gaussian distribution of the two iron
crystal field parameters A; and A, (see below).
The widths of these distributions, which were
found to be significantly dependent on the sol-
vent composition, have been put into relationship
to the presence of a CS distribution in Mb. To
work out a quantitative relationship between the
A, and A, distributions and the iron-heme dis-
placement distribution, we have applied, for the
first time, the angular overlap method (AOM),
which is a zero-th order molecular orbital approx-
imation particularly suitable in low symmetry
metal complexes to determine the energy depen-
dence from the bond angles to the high spin
ferric heme.

The results point out that the addition of glyc-
erol, ethylene glycol and the presence, in the
solution, of sucrose can induce a significant nar-
rowing of the iron-heme displacement distribu-
tion.

The paper is organized as follows. In Section
2, the experimental methods and the method
employed to analyze the EPR spectra of ferric
Mb are reported. In Section 3, the EPR results
for Mb samples in different solvent composition
are presented. Section 4 describes the approach
based on the AOM to interpret the EPR results
in terms of a spread of the iron-heme displace-
ment. The distribution of the iron-heme dis-
placement and its dependence on the solvent
composition are discussed in Section 5. Finally,
conclusions are presented in Section 6.

2. Materials and EPR spectral analysis

Myoglobin EPR samples were prepared by dis-
solving commercial (Sigma Chem. Co.) lyophilized
horse skeletal muscle Mb in (.2 M phosphate
buffer. The highest concentration of Mb in the
solutions was about 5 mM. Final pH for the Mb
solutions was 6.8. Ferricyanide was used to oxi-
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dize the heme iron to the ferric valence state and
the solutions were dialysed several times agaitist
buffers to remove the oxidant. Samples in the
presence of the two organic solvents, glycerol
(Gly) or ethylene giycol (EthGly), have been pre-
pared in 1:1 (by volume) water-solvent mixture.
Samples in presence of sucrose (Sucro) have been
prepared in 1:1 water—sucrose (1 M solution)
mixture. All chemicals used were of analytic
reagent grade.

All the EPR spectra were recorded at 77 K
(liquid nitrogen) by an X-band Varian E109 spec-
trometer. A fast cooling rate procedure (fast) was
performed by dipping the samples into liquid
nitrogen. To calculate the experimental g-values,
a magnetic field calibration was performed with a
Magnion Precision NMR Gaussmeter Mod. G-
542; the microwave frequency being measured
with a Marconi 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 [35].
To run both simulations and “best fit” programs,
the same microcomputer was switched to an intel-
ligent terminal of the main frame computer (VAX
8350), through a serial interface and an HP ter-
minal emulator.

It is well-known that the EPR spectra at 77 K
of aqueous samples of ferric-Mb at pH ~ 7 are
characterized by two resonances, one at g=6
and a weaker one at g = 2 [36]. The weak ligand
H,O7 to the sixth coordination site of iron deter-
mines a high spin state, S =5/2. In tetrahedral
or lower symmetry ficlds, the system, character-
ized by the 6A1 state, retains its six-fold degener-
acy even when spin-orbit coupling is considered
to first order, but, in second order, the degener-
acy is lifted to give three Kramers doublets.

In the presence of a magnetic field, the system
can be described by a second order spin Hamilto-
nian

H =g BH-S+D[S2-8(5+1)/3
+E(S}~SE) (1)

where g, is the value for the free electron; D and
E are the tetragonal and the rhombic zero-field

119

splittings, respectively. For heme proteins, the
condition of large zero field splitting is satisfied
(D~ 10 em™") [36] and only transitions within
the lowest Kramers doublet occur; a fictitious
spin § =1/2 can then be used to fully represent
the spin Hamiltonian of the system, which for
axial symmetry (g, =g, =g, and g, =g) can be
expressed by

Hs’=g“BHzSz+gJ_B(HxSx+HySy) (2)

where gy=2and g =6 are the g-values which
are obsetved in the experimental spectra. Split-
ting of the in-plane value into two values, g, and
g,, may result in a broadening (as in our case) or
even in a splitting [37] 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 model [26,31,38-40], to the following
expression for g, and g,

E E\'
gx!y26.01i24-5—-18.7(5) — 127 (3

where the tetragonal zero-field splitting D is
given by

D £ ! 4
AV (4)
and the rhombic zero-field splitting £
1 y¢?
=—— 5
08 )

the spin-orbit mixing of excited quartet states
into the lowest Kramers doublet is

; 52(1 1 1) ©
5042 AL, A

¢ is the effective spin-orbit coupling constant
(¢ ~ 300 cm ™~ !) which is reduced from the free-ion
value (£~420 cm 1); A, A,, and y are the
energy differences between the low-lying clec-
tronic states of high ferric heme (see Fig. 1). In a
general way, the derivative field-swept EPR ab-
sorption spectrum, related to randomly oriented
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Fig. 1. Energy level diagram of the low-lying electronic states
of high spin ferric heme. The shaded regions indicate the
variability of the energy levels (not in scale).

paramagnetic centers with S = 1/2, can be repro-
duced by the expression [41]

dS(ve, H) ] ZP(6, ¢)
dH ,3 0 g(() d))
df([H;?]’ %) n 0 do dé
(7

where the 1/g(0, ¢) is the Aasa—Vanngard [42]
correction C is a constant that encompasses all
instrumental parameters, P(0, ¢) is the orienta-
tion dependent transition probability which for

an § = % system can be exactly expressed by [43]
1
P(0,¢)=gl+g,+8} - 5—
( ' g%(8, ¢)

X [g;‘ sin®0 cos¢
+g, sin®6 sin’¢
+g! cosZB] (8)

f(H - H,l, o)) is the lineshape function (con-
nected to the residual linewidth [44]) centered at
the resonance field H, and with a linewidth
parameter oy measured in field units. In the
shown simulations a Lorentzian lineshape, with
a;, =25 gauss [26], has been employed. The inte-
gration over 8 and ¢ in eq. (7) takes into account
for the random orientation of the molecular axes
with respect to the magnetic field.
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According to the Isomoto algorithm [43], once
the values of the g-tensor have been fixed, the
resonance field H, can be calculated at each
orientation (6, ¢) and the spectrum is computer-
generated by carrying on the integration in eq. (7)
as a sum over # (in step of one degree) and over
¢ (in step of three degrees). The increment val-
ues for & and ¢ have been chosen in order to
limit the computer noise to a level lower than
that corresponding to the experimental errors. It
is known, however, that the EPR spectra of met-
allo-proteins are characterized by a large inhomo-
geneous broadening (g-strain) which is superim-
posed on all the other broadening effects
[4,33,45-52]. According to previous papers
[26,30-34,40], we assume that the presence of
frozen CS distribution entails a distribution of
crystal field parameters which in turn could be
responsible for the spread in the g-tensor values.
On such a ground, we have simulated our spectra
by assuming that the crystal field parameter A,
and A, are distributed around a mean value (Fig.
1). In particular, two independent gaussian distri-
butions for A, and A, have been introduced in
the simulation method; so that the resulting simu-
lated spectrum can be visualized as a superposi-
tion, weighed in a proper way, of different spec-
tra each related to different values of (g, g,, g,)
[26,30]. The simulated EPR derivative spectrum
can be finally expressed by

dS(v,, H)
dH
Cy h 1 dS(v,, H, A}, A,)
B B 2moy 0, ff dH
A -
Xexp| —
0y,
A, -
0y,

where, assigned A, and A, (and therefore g, and
gy), the corresponding derivative spectrum
dS(v,, H, A, A,)/dH is determined by means of
eq. (7).
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The computer-synthesized spectra have then
been used to fit the experimental EPR spectra in
order to determine the parameters Aj, A%, oy
and g, -characterizing the corresponding gauss-
ian distributions. The bestfit is obtained by a
minimization procedure of the y>-function

N exp ] _Isim " 2
=T 1%*(H,) (H;,p) (10)

i=1 o

where 1°°(H,) is the derivative of the experimen-
tal EPR absorption spectrum sampled at 200
discrete points of the magnetic field, I™(H,, p)
is the simulated spectrum that also depends on
the parameter set (A}, A}, g, and g, ), and o; is
the standard deviation calculated for the ith ex-
perimental point of the EPR spectrum by re-
peated runs. The scarch of the bestfit parameters
has been done by following a simulated annealing
approach [53]; each parameter having been al-
lowed to vary over a wide range consistent with
both those estimated from the experimental spec-
tra and those reported in the literature [40).

3. EPR results

The experimental EPR spectra of Mb samples
in different conditions, restricted around the most
significant region (g = 6), are shown in Fig. 2; the
corresponding simulated spectra (dashed lines)
obtained by means of eq. (9) are also shown. The
agreement between the experimental and the
simulated patterns appears very good; however
the goodness of the fit has been confirmed, in
each case, by the y*test.

The parameters A}, o, , A%, and 0, as ob-
tained by the simulation of the EPR spectra are
reported in Table 1. The physical soundness of
the simulations performed is assessed by the fact
that the values of the A; and A, distributions are
in agreement with the related experimental val-
ues reported in literature [40].

Table 1 shows that the analyzed EPR spectra
are characterized by a significant spread in the
crystal field parameters A, and A,; such a spread
being expressed by the relatively large values
resulting for the Y and o,, parameters. Both
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Fig. 2. Experimental (continuous line) and simulated (dashed

line) X-band EPR spectra, recorded at 77 K, restricted to the

g =6 tegion of high spin ferric Mb samples in different

conditions: (a) Mb aqueous solutions, (b) Mb agueous solu-

tions in presence of glycerol (1:1 by volume), (c} Mb aqueous

solutions in presence of ethylene glycol (1:1 by volume), and
(d) Mb aqueous solutions with added sucrose (1 M).

the A, and A, distributions result to be affected
by the presence of glycerol, ethylene glycol and
sucrose in the Mb solutions; however, the A,
distribution appears to be the most sensitive pa-
rameter to changes occurring in the solvent com-
position. It should be noted that these observed
solvent-induced effects are to be attributed to a
bulk modification, since the presence of glycerol,
cthylene glycol and sucrose in small amounts (less
than 1:1 heme molar concentration) does not
induce any change in the EPR spectra of Mb
samples (results not shown). On the other hand,

Table 1

Central values and the root of the corresponding variances of
the gaussian distributions related to the crystal field parame-
ters A; and A,. These values have been obtained by simula-
tions of the g =6 line of the EPR spectra, recorded at 77 K,
of Mb aqueous solutions in different conditions. The 68%
confidence limits, extracted by the fitting procedure, are given,
in percentage, by 0.5% for &9, 3% for o, 0.5% for A% and
5% for gy,

Sample Al Oy, A a,
em™) (m™) (em™) (em™H
Mb (Fast) 2266 259 5759 936

Mb + Gly (Fast) 2194 280 5500 549
Mb + EthGly (Fast) 2248 248 5422 619
Mb + Sucro (Fast) 2181 231 5646 625
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it is known that addition, in small quantities, of
some alcohols, like methanol and ethanol, which
directly bind to the heme group significantly mod-
ifies the EPR spectra of heme-proteins [31,54].

For the A, distribution, it can be observed a
reduction of the AY parameter of about 3.2%,
0.8% and 3.8%, with respect to pure Mb solu-
tions, for samples in presence of glycerol, ethyl-
ene glycol and sucrose, respectively; on the other
hand, o 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.

Concerning the A, distribution, A% and g,
always decrease with respect to pure Mb solution,
as consequence of the solvent addition; in partic-
ular, A% decreases of 4.5%, 5.8% and 2% while
0,, decreases of 41%, 34% and 33% for samples
in presence of glycerol, ethylene glycol and su-
crose, respectively.

4. Analysis of the EPR results by following an
AOM approach

The analysis of the EPR spectra of Mb sam-
ples with different added solvents points out the
presence of a significant spread in the crystal
field parameters A, and A,. This spread reflects
the degree of heterogeneity of the microenviron-
ment around the metal ion, and it should be
interpreted in terms of a distribution of the struc-
tural parameters characterizing the heme-com-
plex. For that purpose, a suitable approach could
be represented by the AOM which can be fruit-
fully employed to determine the ligand field split-
ting of the Fe’* d-orbitals, where small varia-
tions of the arrangement of the ligands around
the central ion [55] could be evaluated. The AOM
takes its name and gains its power by represent-
ing the overlap integral S between two orbitals as
a simple product of radial and angular terms

S=8(r)F . (11)

The diatomic overlap integral 5,(r) depends upon
the interatomic distance, the nature of atoms and
the types of orbitals; A indicates the bonding
symmetry with respect to the metal-ligand axis
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(o, 7 or 8), and w specifies the particular orbital
for A >0. The angular term F, , is a simple
function of the angular polar coordinates 8, ¢ of
one atom relative to another; it is a fraction of
the maximum overlap which occurs for colinear
atoms, different functions being found for differ-
ent values of A.

It can be shown [56] that the energy change,
e,, of a given metal orbital, as induced by the
interaction with a ligand, is

€)= K/\S/‘\ZFAZ(U (12)

In the Wolfsberg-Helmholtz approximation [57),
the K, constant results to be

H

Ky~ ——
’ HM_HL

(13)

where Hy and H, are the metal and ligand
orbital energies, respectively.

If the ligand is not lying on the Z-axis, a
rotation of the coordinate system is required.
Under the assumption that the effects of differ-
ent ligands are additive and that the ligand-ligand
overlap can be neglected, the general ligand field
matrix element can be expressed as [58]

N

<¢’i|V|¢j> = Z EeAnFAw(¢i’ Xn)FAm(d)j’ Xn)
Aw n

(14)

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,. F, (¢, X,) and F, (¢;, X,) are
the columns of the AOM rotation matrix which
relates the metal orbitals in the primed and un-
primed coordinate system (for the angular depen-
dence of the Overlap integrals see (Tables in ref.
[56].

In order to evaluate the matrix elements in eq.
(14), for each ligand three independent parame-
ters, e, e and e;, are required (or even five, if
the two components w7, and 8,8, of the 7 or é
symmetry are considered). In our case, it seems
feasible to neglect 8 bond effects, and, if, at first
approximation, we put e_.=e_.=e_, only two

m?
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parameters for each ligand can be used [56]. In
general, the semiempirical parameters e, could
be theoretically evaluated or deduced from exper-
imental data [59]. It should be noted that the
energy differences of the low-lying electronic
states A, and A, can be expressed in terms of
two different contributes [60]: (i) the splitting of
the d-orbitals, induced by the presence of the
ligand ficld assessable through the AOM; (ii) the
electrostatic contribute that can be expressed in
terms of the Racah parameters B and C. From
the definition of A, and A, (see Fig. 1), it follows

A =E('4;) - E(°4))
=[E({) - E(e)] +[22B +7C] (15)
and
A,=E(‘E)-E("4,)
=1{[21B+10C]} + 3{[ E(n) - E(8)]
+3[E(¢) —E(e)]} (16)

where the symbols £, n, £, # and e stand for the
one clectron levels d,,, d,,, d,,, d,2,and d,2_ 2,
respectively. For the Racah parameters, the val-
ues B=500 cm™! (for the free ion B=1015
cm~!) and C = 4.4B (C = 2200 cm~ ') have been
used; these values being within the allowed range
for iron complexes [61].

In order to evaluate the splitting of the d-
orbitals by means of the AOM, the geometrical
arrangement of the heme group should be as-
signed. It is known that the heme complex in
metMb is a six-coordinate compound arranged in
tetragonal symmetry with a small rhombic distor-
tion, in which the metal ion is displaced out of
the heme-plane to the proximal histidine side of a
quantity, a, of 0.40 A [62]. Accordingly, a simpli-
fied geometry for the heme structure (see Fig. 3)
has been assumed; in particular, the four ligands
of the heme-plane have been considered as
equivalent; moreover, the two axial ligands have
been assumed to be along to the normal to the
heme-plane. In this case, only six parameters,
instead of twelve, are required in the evaluation
of the A, and A, values by means of the AOM.
The following symbols for the AOM parameters
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Fig. 3. Geometrical arrangement of the ligands around the
metal ion in the heme-complex. 8 and ¢ represent the angle
values employed in the AOM approach for each ligand.

have been employed: e! and e, to describe the
four equivalent ligands of the heme-plane; ¢!
and e'~, to describe the ligand in fifth position,
i.e. the N atom of the imidazole belonging to the
proximal histidine; finally, el' and e}.,n have been
associated to the ligand in the sixth position (i.c.
the bound water molecule).

Some examples of the trend of A; and A,, as
function of the AOM parameters, el ell, eIl
(e./e,), (e,/e, )" and (e_/e ) for a fixed
geometrical arrangement the system, are shown
in Fig. 4 and Fig. 5. Figure 4 shows that an
increase of the e value vields a decrease of the
A, and A, values; such an effect being more
marked for A,. On the contrary, A, is not af-
fected by changes in the el and eI values, while
the A, value is lowered according to the sum of
the el and e values. Figure 5 shows that an
increase in the (e, /e,) value causes an increase
of both A, and A,; moreover, A, is not influ-
enced by (e, /e, )! and {e_/e, )" which, on the
contrary, affect the A, values. Therefore, in gen-
eral, it should be remarked that the changes of

the ligands on the heme-plane can affect both the
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A, and A, parameters, while changes of the
ligands in axial position can only affect A,.

On the basis of the above analysis, we have
used for further calculations el ~ 10000 ecm™,
el ~ 2000 cm ™! and €™ = 500 cm~'. These val-
ues are slightly different from those used for
Fe?* [63], but the higher oxidation state of iron

in the present case can make plausible the as-
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Fig. 4. Trends of A, (open symbols) and A, (full symbols) as
function of the parameters: ¢l (a), e (b), and e (c). In
cach figure all the other AOM parameters are kept fixed:
el =10000 e~ Y, el = 2000 cm ~L, e = 500 em ™!, (e, /¢,)'
=0.1,(e, /e, )" =0.15, and (e, /e, = 0.15.
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0,0 0,1 0,2 0,3 0,8
(&)
€5
3200 T T T 6200
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5400
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2300 | ———r—a—— 5300
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Fig. 5. Trends of A, (open symbols) and A, (full symbols) as

function of the parameters: (e, /¢, ) (a), (e, /e,)" (b), and

(e, /e,)™ (c). In each figure all the other AOM parameters

are kept fixed: el =10000 cm ™!, el' = 2000 em ™1, eI = 500

em™', (e./e) =01, (e, /e, =015 and (e, /e, )=
0.15.

sumed values. Moreover, we have used (e, /e,)!
=0.1 and (e_ /e, )" =(e,/e,)" =0.15, as fixed
values [63].

The variation of the central values A and A%
as induced by different added solvents, could be
mainly attributed to changes which involve essen-
tially ligands in both the fifth and the sixth posi-
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tions. Accordingly, we have assumed that the e}
values are equal for all the analyzed Mb samples
and we have determined the mean values for the
iron~-porphyrin displacement in order to exactly
reproduce the AY value. These values are re-
ported in Table 2. Then, the ¢} and el values
have been adjusted to obtain the corresponding
value for AY.

The spread of the crystal field parameter dis-
tributions A, and A,, due to the CS distribution
{26}, should be connected to the parameters char-
acterizing the heme-group. The presence of a
frozen ensembie of molecules assuming different
CS, as it has been observed by X-ray diffraction
[17,27], results into a significant mean-square dis-
placement of each amino-acid residue [27].
Therefore, it could be expected that the ligand in
the fifth position, which directly senses the pres-
ence of CS distribution, can modulate the metal
ion position [29]. In this context, it has been
observed that the proximal histidine shows a mean
square displacement, (x2), of about 0.10 A2 [27].
On such a ground, it is reasonable to assume
that, according to different positions of the proxi-
mal histidine, the iron is forced to assume differ-
ent positions with respect to the heme-plane. We
have tried to numerically reproduce the A; and
A, distributions by introducing a Gaussian distri-
bution for the iron position; this fact implies a
change in the geometry of the system, i.e. in the
values of the # and ¢ angles and in the length of
the iron-ligand bonds A correction on the pa-
rameters el, el e, (e_se), (e /e, )" a
(e, /e, )™ should moreover be introduced to takc

Table 2

The values of the parameters, employed in the AOM ap-
proach. “0 is the mean value for the iron—porphyrin displace-
ment. e! is the AOM parameter concerning with the ligands
on the heme-plane; e!! and " are the AOM parameters
concerning with the fifth and the sixth ligand, respectively.

Sample ag el (EM+ e
A @) mh

Mb (Fast) 0.400 10010 1954

Mb + Gly (Fast) 0.394 10010 2160

Mb + EthGly (Fast) 0.398 10010 2460
Mb + Sucro (Fast) 0.390 10010 1872
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Table 3

Root of variances for the gaussian distributions of the iron-
porphyrin displacement, a, as extracted from the results in
Table 1 by a fit based on the AOM approach; tra_ concerns
with the approach of iron to the heme-plane; o;" concerns
with the departure of iron from the heme-plane; ¢, =(o,” +

a})/2. The 68% confidence limits, extracted by the fitting
procedure, are given, in percentage, by 5% for a,, 2% for o,
and 2% for o}

Samplc o, a, ot o faf
& A @
Mb (Fast) 00575 0.0646 0.0504 1.28

Mb+ Gly (Fast) 00325 00349 00302 116
Mb+ EthGly (Fast) 00374 0.0404 00343 118
Mb+Sucro (Fast) 00385 0.0423 00346 122

into account for the fact that an increase of the
bond length causes a lowering of the angular
overlap integral §; such a correction has been
done in agreement with the indications reported
in ref. [64].

To encompass the possibility of obtaining an
asymmetrical distribution for the iron position,
two different variances have been introduced to
characterize the iron heme displacement distribu-
tion: one, (o,")?, for the approach of the iron to
the heme plane (negative displacement), and the
other ()%, for the removal from it (positive
displacement).

The results obtained by the application of the
AOM to the EPR results are reported in Table 3
while in Fig. 6 an example of the fit of the A, and
A, distributions is shown. We have verified that
small changes (less than 1%) did not result in
significant variations of the iron-heme distribu-
tion (for details see ref. [29]). The o, value ob-
tained for pure Mb solutions (0. 0575A) is to be
compared with that of ferrous deoxy Mb. In this
case, different experimental techniques provided
somewhat different results JA should fall within
the interval 0.07 A-03 A [17, 28,65,60]. The
smaller value found for ferric Mb, can be justified
by both the higher oxidation state for the iron
and the presence of weaker ligand in the sixth
position, The values of column 4 in Table 3 point
out that a significant asymmetry is present in the
distribution of the iron-porphyrin displacement.
In particular, the iron moves closer to the heme
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Fig. 6. The Gaussian distributions (continuous lines) of the

crystal field parameters A, (a) and 4, (b), corresponding to

the central values A} and A% and to the variances o, and

0y, of pure Mb sample, reported in Table 1. The fits (square

symbols) have been derived from the AOM approach by using
the parameters shown in Tables 2 and 3.

plane rather than to take away from it. From
such an evidence, it could be speculated about
the possibility that the presence of the sixth lig-
and, might in some way prevent the iron from
performing large displacements towards the prox-
imal histidine side.

It can be, moreover, observed that addition of
large amount of glycerol, ethylene glycol and su-
crose to Mb solutions, which causes a narrowing
of the crystal field parameter distributions, re-
sults in a significant decrease in the o, value.
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

a

o, is reduced of 32% and of 31%. The ratio
o, /o appears to be reduced in presence of
glycerol, ethylene glycol and sucrose as compared
with that of pure Mb, indicating a more symmet-
rical behaviour for the spread of the iron position

as induced by these solvents.
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5. Discussion

The use of the simulation method outlined in
Section 4 has allowed us to extract the parame-
ters characterizing the distribution of the ligand
field energies A; and A, of Mb samples in differ-
ent conditions. The fact that the central values
(A% and AY%) 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 widths of the A, and 4, distributions, as
we have already mentioned, are to be discussed
in close connection to the presence of the protein
CS distribution [4,26,31,67]. Actually, frozen met-
allo-protein solutions, which are similar to glassy
systems with respect 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 corre-
sponds an heterogeneity in the orientation and /or
position of the ligand groups that the protein
molecule provides to the metal ion. Conse-
quently, the Fe3* ion ligand bonds are modu-
lated (as regards the angles and the distances)
according to the microenvironmental fluctua-
tions.

The AOM approach has allowed us to corre-
lated such a kind of heterogeneity in terms of a
distribution of the iron—porphyrin displacement.
QOur results point out that, in high spin ferric Mb
samples, the distance of iron from the hemeplane
is distributed according to the presence of an
ensemble of biomolecule structures representing
the different CS. On the other hand, there are
many experimental evidences supporting the fact
that the iron position, in ferrous deoxy Mb, is
distributed [8,17,28,65,66]. Therefore, the pres-
ence of the CS distribution affects, through the
action of the proximal histidine, the iron position
(with respect to the heme-plane). This results is
particularly relevant to the biological functional-
ity of the protein, in fact the iron-displacement is
a parameter directly involved in the CO rebind-
ing processes [8,28]. In particular, it can be as-
sumed that the enthalpy barrier that the ligand in
the heme-pocket has to overcome for rebinding
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to the iron, is approximatively proportional to the
iron-porphyrin displacement [28].

Tables 1 and 2 show that the presence of
glycerol and ethylene glycol in large quantity
yields a narrowing of the crystal field parameter
distribution and also a decrease in the spread of
the iron-porphyrin displacement. Since the iron
ion is not directly exposed to the external solvent,
the modifications 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, the proximal histidine undergoes, in
the presence of these solvents, to a weaker per-
turbation from other parts of the protein, affect-
ing in a less significant way the metal ion posi-
tion. These results can be directly interpreted in
terms of a reduction in the heterogeneity in the
CS distribution as induced by addition of these
solvents. In general, it can be speculated about
the fact that addition of glycerol, ethylene glycol
and sucrose can cause modifications in the sol-
vent properties, and than induce changes in the
protein structure and also in the CS distribution.
In particular, addition of glycerol, ethylene glycol
and sucrose might be responsible for a damping
of the protein motions; on the other hand, changes
in the dielectric properties of the solvent, as
induced by glycerol [68], could result into a differ-
ent shielding of the amino-acid electrical charges,
with subsequent modification in the interactions
within the protein milieu. In addition to this
effect, it has been observed that glycerol, which is
preferentially excluded from the first hydration
shell of the protein [69,70], causes a decrease in
the hydrogen-bond-rupturing capacity of the
medium [70] and then stabilizes the protein struc-
ture. 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 mole-
cules observed in the presence of glycerol. A
similar mechanism might be operative for what
concerns protein solutions in the presence of
ethylene glycol which shows chemico-physical
properties similar to those of glycerol. Moreover,
a similar constraint on the protein dynamics can
be induced by sucrose which, however, is known
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to stabilize the protein structure through an in-
crease in the water surface tension [71,72].

To assess which one of these molecular mech-
anisms is operative would requires a deeper in-
vestigation but, in any case, it should be re-
marked that modifications in the solvent proper-
ties might affect the CS distribution. In this con-
text, it should be noted that data from rebinding
kinetics experiments performed in presence of
glycerol or ethylene glycol, should be revisited in
the light of the present results.

Finally, it should be remarked that an addi-
tional source of structural heterogeneity 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-in-
duced effects, which might be superimposed on
other effects, are correlated to the ice-crystal
dimensions and they can be minimized in the
presence of some added solvents (glycerol, ‘ethyl-
ene glycol) [48], or by submitting the samples to a
slow cooling rate [4,26,67]. 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 accord-
ing to the freezing procedure [73,74]. It would be
possible that some contribution to the observed
broadening of the crystal field parameter distri-
butions might arise from the freezing process
[21,75]; however, since slow cooling rate does not
result in large changes [26], the main contribute
should be attributed to an intrinsic heterogeneity
of the system [31].

6. Conclusions

Owing to its high sensitivity in detecting mi-
crocnvironmental fluctuations around the para-
magnetic probes, EPR spectroscopy results to be
a rewarding tool to investigate the structural and
the dynamical properties of metallo-proteins; in
particular, the analysis of the EPR spectral fea-
tures can provide information on the presence of
an ensemble of slightly different protein struc-
tures which are related to the CS. In this context,
the AOM has revealed to be an helpful approach
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to correlate the crystal field parameter distribu-
tions in ferric Mb, arising from the presence of
such a CS distribution, to the spread of the
iron-heme displacement. The iron position which
results to be modulated, through the proximal
histidine by the presence of the CS, has been
found to be affected by the solvents which are
usually used in the optical rebinding kinetics
studies on Mb. It turns out that, as long as ferric
Mb mimics ferrous Mb, EPR in a complementary
technique to optical spectroscopy in order to study
the CS distribution, and in particular to investi-
gate the solvent-induced effects on the distribu-
tion and the correlated spread in the iron-heme
displacement.
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