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Abstract. High spin Felll myoglobin samples in solutions
with different solvent composition have been investigated
at low temperature by Electron Paramagnetic Resonance
spectroscopy. The g = 6 line of the spectrum has been
analyzed in terms of a distribution of the two crystal field
parameters A; and A,. By means of the Angular Overlap
Method, it has been shown that these distributions entail,
in turn, a distribution in the iron-heme displacement
along the normal to the heme-plane. The spread in this
iron-heme distance, which can be connected with the
binding action of the proximal histidine, has been pro-
posed as a quantitative measurement of the structural
heterogencity (conformational substate landscape) dis-
played by the protein molecules. The results point out,
moreover, that the solvent composition can affect the
structural heterogeneity of the protein system. In particu-
lar, addition of glycerol, ethylene glycol and sucrose
yields a significant reduction in the spread of the iron-
heme displacement, while the presence of ammonium sul-
fate induces a change in the average position of the iron
in the heme-plane. The role played by the solvent in the
structure and dynamics of the protein, in connection also
with the conformational substate distribution, is dis-
cussed.
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Introduction

Proteins are dynamic structures with a time scale cover-
ing a very wide range. At temperatures below the glass
temperature T, a protein molecule displays a solid-like
behaviour characterized by harmonic oscillations for the
atomic positions. On the other hand, above T,, anhar-
monic motions are excited, as observed by scattering
techniques (Doster et al. 1989; Parak et al. 1982); such
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behaviour is also related to the thermally activated tran-
sitions among slightly different macromolecular struc-
tures that are called conformational substates (CS) and
whose existence has been confirmed by many experimen-
tal investigations (Frauenfelder et al. 1988; Goldanski
and Krupyanskii 1989; Parak et al. 1987; Doster et al.
1989). By lowering the temperature, fluctuations among
CS can be blocked and, below T, the protein system
becomes trapped in local minima giving rise to a static
distribution of substates (Elber and Karplus 1987). These
presence of a CS distribution is able to affect the biologi-
cal function of the protein, since the rate of the kinetic
processes depends on the particular substate assumed by
the macromolecule (Ansari et al. 1985).

It is well-known that the protein structure can also be
modified by changing the chemico-physical properties of
the solvent, so that the protein dynamics become strongly
coupled to the properties of the medium; for example,
addition of some organic substances, such as glycerol,
ethylene glycol and sucrose yields a damping of the
protein motion and then a change in the kinetic response
of the macromolecule (Beece et al. 1980; Gavish and Wer-
ber 1979); such behaviour is probably related to a reor-
ganization of the H-bond network of the solvent (Gekko
and Timasheff 1981; Doster et al. 1986). In addition, the
glass-temperature 7, of the protein system, below which
transitions among CS are blocked, is dependent on the
composition of the solvent medium (Iben et al. 1989). On
the other hand, the static CS distribution, characterizing
the low temperature myoglobin (Mb) samples, has also
been found to be correlated with the properties of the
solvent (Di Iorio et al. 1991), whose dynamics might be
ultimately responsible for the structural arrest of the
protein molecules in several different CS (Bizzarri and
Cannistraro 1991). Moreover, it has been hypothesized
that the hydration water could play a crucial role in deter-
mining the dynamics of the protein and the transitions
among CS (Doster et al. 1986; Singh et al. 1981; Marzola
and Cannistraro 1992). From a spectroscopic point of
view, the presence of a CS distribution may result in a
broadening of the detected signal. In particular, a signifi-
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cant mean square displacement (x?) of the protein atom-
ic positions and of the metal ion position has been detect-
ed by X-ray diffraction analysis (Parak et al. 1987;
Frauenfelder et al. 1979) and by Méssbauer spectroscopy
(Parak et al. 1982) performed on samples of Mb crystals.
Moreover, extensive broadening of the lines has been ob-
served, on Mb samples, by optical spectroscopy in the
presence of glass-making solvents, such as glycerol or
ethylene glycol (Srajer et al. 1986, Ansari et al. 1987; Di
Pace et al. 1992). In our previous work (Cannistraro 1990;
Cannistraro and Giugliarelli 1986; Bacci and Cannistraro
1990; Bizzarri and Cannistraro 1991) we have shown that
EPR spectroscopy can be used to probe the heterogeneity
characterizing the protein samples at low temperature. In
particular, the analysis of the EPR spectra of high and
low spin Felll Mb samples (Bizzarri and Cannistraro
1991, 1992 a,b), in terms of appropriate crystal field pa-
rameter distributions, has allowed us to demonstrate a
frozen disorder around the metal ion arising from the
presence of an ensemble of protein molecules in different
CS. Moreover, in the case of high spin Mb, the applica-
tion of the Angular Overlap Method (AOM) has allowed
us to propose the observed spread of the iron-heme dis-
placement o, as a quantitative estimation of the CS
heterogeneity (Bizzarri et al. 1993). EPR spectroscopy
has the advantage, with respect to the other techniques,
that samples both in the presence and in the absence of
added solvents can be studied. Accordingly, we have ob-
served that the addition of some substances to the Mb
samples may reduce the spread of the iron-heme displace-
ment o,, and then the sample structural heterogeneity
(Bizzarri et al. 1993).

It should be taken into account that most of the exper-
imental results available in the literature concerning the
CS distribution have been obtained in the presence of
some particular solvents (used to make crystals, or to
make the samples transparent). Such a consideration, to-
gether with our preliminary findings pointing out an ef-
fect of some of these solvents on the CS distribution, has
led us to perform a systematic EPR analysis on the effects
induced on the CS distribution by the solvents most com-
monly used in other spectroscopic studies. Moreover, the
effects induced by the addition of sucrose, a viscous cosol-
vent that has been widely employed in the studies of the
effects of viscosity changes on protein systems (Almagor
et al. 1992) have been considered. The present spectro-
scopic approach, being carried out both on pure Mb sam-
ples and on Mb in the presence of different added sol-
vents, provides a unique opportunity to analyze, in a
comparative way, the structural heterogeneity of Mb in
solutions with different solvent composition. Such an
analysis entails a more general view about the coupling
between protein structural heterogeneity and the solvent
properties.

Materials and experimental methods
Mb EPR samples were prepared by dissolving commer-

cial (Sigma Chem. Co.) lyophilized horse skeletal muscle
Mb in 0.2 Mb phosphate buffer. The highest concentra-

tion of Mb in the solutions was about 5 mum and the final
pH was 6.8. Ferricyanide was used to oxidize the heme
iron to the Felll valence state and the solutions were
dialysed several times against buffers to remove the oxi-
dant. Samples in the mixed water-glycerol solvent were
prepared by adding glycerol to Mb solutions until the
required concentration was reached. Samples in the pres-
ence of ethylene glycol were prepared in 1:1 (by volume)
water-ethylene glycol mixture. Samples in the presence of
sucrose were prepared in 1:1 water-sucrose (1 M solution)
mixtures. Samples in the presence of ammonium sulfate
were prepared in 1:1 (by volume) water-ammonium sul-
fate (saturated solution) mixtures. All chemicals used
were of analytical reagent grade.

All the EPR spectra were recorded at 77 K (liquid
nitrogen) by an X-band Varian FE109 spectrometer
equipped with a variable temperature control which was
also used to cool the samples in a controlled way. The
freezing of the bulk water during the cooling process was
monitored by the appearance of a deep in the resonant
cavity mode of the EPR spectrometer; such a phe-
nomenon pointing out a decrease in the dielectric loss of
samples as due to the liquid-solid transition. To calculate
the experimental g-values, a magnetic field calibration
was performed with a Magnion Precision NMR gauss-
meter Mod. G-542; the microwave frequency being mea-
sured with a Marconi 2440 counter.

Acquisition of the EPR data was carried out on an HP
86A personal computer through a home made interface
connected to an IEEFE 488 bus (Giugliarelli et al. 1989). To
run both simulations and bestfit programs, the same mi-
crocomputer was switched to an intelligent terminal of
the main frame computer (VAX 8350), through a serial
interface and an HP terminal emulator.

Analysis of the EPR spectra

All the EPR spectra of the analyzed Mb samples show the
typical pattern corresponding to high spin (S=5/2) iron
ions placed in an axially symmetric crystal field and
which can be described by the spin hamiltonian

Ho=plgyH.S,+g  (H.S,+H,S,)] 1)

where the Zeeman interaction of a fictitious spin S=1/2
is taken into account and g, ~2 and g , =¢g,=g,~6 are
the g-values at which the two EPR resonances are actual-
ly registered; f§ is the Bohr magneton. The shape of the
g, =06 line can be better described if a small rhombic
distortion (g, #g,) is admitted. Actually if high order cor-
rections arising from spin-orbit mixing of the excited.
quartet states (*E, *A,) ions into the ground state (°A,) of
Fe* 3 are taken into account, the following expression can
be derived for g, and g, (Scholes 1970; Fiamingo et al.
1989; Bizzarri and Cannistraro 1991),

Y 4, ] l:')’ Vil JZ
=3g.+12| - 2t g7 L 2L | ()
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5° 427 4,4, 42



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 to scale)

where g, is the g-factor of the free electron, ¢ is the effec-
tive spin-orbit coupling constant (& ~300 cm ™) which is
reduced from the free-ion value (£~420cm™%); 4,, 4,,
and y are the energy differences between the low-lying
electronic states of the high spin FeIll heme (see Fig. 1).
A deviation of g, from the g, value may result in a broad-
ening of the g=6 line (as in our case) or, for a larger
rhombicity, even in a splitting of this line (Peisach et al.
1971). In general, two different contributions can be as-
sumed to be important in the 4, and A4, energies (Kotani
1968): one arising from the differences of the electrostatic
interaction between the electronic states and another one
which takes into account the energy splitting of the d-or-
bitals as induced by the ligand field. It can be shown that

A4,=[22B+T7C]+[E({))—E(e)] (3)

4,=3{[21B+10C]} 4)
+HEm—E@O)+EQ)—E@]}
where B and C are the Racah parameters and the symbols
E(&), E(y), E({), E(0) and E(¢) stand for the energies of the
one electron levels d,,,d..,d,,,d, and d,._., respec-
tively. Accordingly to (Abragam and Bleancy 1970), the
Racah parameters are reduced from those of the free ion
and take the following values: B=500cm~! and
C=2000 cm . It has been shown (Bizzarri and Cannis-
traro 1991, 1992 a), that the low temperature EPR spectra
of Mb are characterized by distribution of the crystal field
parameters 4, and A4,; such a distribution, resulting in a
spread of the g, and g, values (see Eq.(2)), taking into
account the g-strain effect (Giugliarelli and Cannistraro
1985; Hagen et al. 1985; Brill et al. 1986; Yang and
Gaffney 1987) that characterizes the low temperature
EPR spectra of metallo-proteins. Accordingly, the 4, and
4, distributions can be interpreted in terms of a spread of
the parameters characterizing the geometrical structure
of the heme-group. To make such a connection more
explicit, we have applied the AOM to the ligand-iron
complex, a method particularly suitable for analyzing
low-symmetry metal-complexes (Bacci 1979). In this
framework, the energy change, ¢,, of a given metal or-
bital, as induced by the interaction with a ligand on the
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z-axis, is given by (Burdett 1980)
e,=K, S} F, 5

where A indicates the bonding symmetry with respect to
the metal-ligand axis (o, 7 being restricted our analysis to
these symmetries), K, is a constant depending on the
metal and ligand energies; S, depends upon the inter-
atomic distance, the nature of atoms and the type of the
orbitals. The angular term F,  is a simple function of the
angular polar coordinates 6, ¢ of the one atom relative to
another. If the ligand is not lying on the z-axis, a rotation
of the coordinate system is required. Under the assump-
tion that the effects of different ligands are additive and
that the ligand-ligand overlap can be neglected, the gener-
al ligand field matrix element can be expressed as
{Schiffer 1967)

GiV16) =5 % e B (80 X, Fao (6, X,) ©)

where V is the potential induced by the ligands; the first
sum on the metal orbitals is referred to a coordinate sys-
tem x'y'z’ such that the i-ligand is on the z’ axis; the
second sum is extended to the N ligand X,. F,, (¢;, X,)
and F,, (¢;, X,) 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 Burdett (1980)).

In order to evaluate the matrix elements in Eq. (6), the
geometrical arrangement of the ligands around the metal
ion and the values of the two parameters, ¢, and e, for
each ligand should be assigned. A simplified geometry for
the heme group has been introduced. Specifically, in
agreement with Srajer et al. (1988), it has been assumed
that the iron is displaced out of the heme-plane (iron-
heme plane distance a,=0.40 A (Takano 1977)), the four
ligands of the porphyrin ring are assumed to be equiva-
lent (the symbols e! and e have been employed to de-
scribe these parameters) and, finally, there are two axial
ligands along the normal to the heme-plane (e!!, el!, !/’
and el are the symbols used to described the fifth and the
sixth ligands, respectively). On the basis of data from the
literature and from some empirical evaluations (Bacci
1980; Bizzarri et al. 1993) the following set for the parame-
ters e, has been employed as the starting point for our
analysis ef~10000cm™ !, e~2000cm™~! and €'~

I 1r I
500 cm~!; moreover, —zﬂ =0.1 and % =<—2—"2
=(.15 have been used as fixed values (Bacci 1980; Biz-
zarri et al. 1993). Such an approach has allowed us to
interpret the the 4, and 4, distributions in terms of the
spread o, of the iron-heme displacement along the normal
to the heme plane. Even if a contribution from a slight
non-axial displacement of the metal ion to the 4, and 4,
distributions cannot be ruled out, our analysis indicates
that the main effect on these distributions arises from a
spread in the iron position along the normal to the heme-
plane.

In practice, the g=6 EPR line has been analyzed in
terms of two independent Gaussian distribution for the
crystal field parameters 4, and 4,. According to our
previous papers (Bizzarri and Cannistraro 1991, 1992 a),
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the simulated EPR derivative spectrum can be expressed
by

dS(6.H Cvh 1 @ @ w22 P0,¢,A,,4,)

dH B ﬂ 271:(0'410'A2) —w -~ 0 g g(93¢aA17A2)
df(H—H,,0) . 4,497
-—f([—ﬁmsm(f))dadqbe | 4=4]

o 2
e 2] da, 4, ()
where C is a constant that encompass all instrumental
parameters, h is the Planck constant, v, is the microwave
frequency. P(6,¢,4,, 4,) is the orientation dependent
transition probability which in this case can be exactly
calculated (Isomoto et al. 1970). f{(H—H,), o,)] is the
lineshape function, centered at the resonance field H,,
that takes into account different phenomena that are not
explicitly considered. Relaxation processes are particular-
ly relevant in this case. At the temperature of interest, the
relaxation process are dominated by the spin-spin relax-
ation (Eisenberger and Pershan 1967) that does not signif-
icantly depend on the solvent composition of the protein
solution. Consequently, all the simulations of the different
Mb samples have been performed by employing the same
lineshape: i.e. a Lorentzian lineshape with o, =25 gauss.
It should be emphasized that, on the basis of an extensive
lineshape analysis made by us and other authors (Bizzarri
1992; Bizzarri and Cannistraro 1991, 1992 a; Hagen et al.
1985; Brill et al. 1986) the large inhomogeneous broaden-
ing (g-strain), which is superimposed on both the powder
effect and the homogeneous broadening in the g=6 Mb
line, cannot reliably be reproduced by taking into ac-
count only one value for the g-tensor, even if larger values
for o4 are used.

The computer-synthesized spectra have then been
used to fit the experimental EPR spectra in order to deter-
mine the parameters A7, 43, ¢, and o, characterizing
the Gaussian distributions for 4, and 4,. The search for
the bestfit parameters was done by simulated annealing
approach (Kirkpatrick et al. 1983); each parameter was
allowed to vary over a wide range consistent with both
those estimated from the experimental spectra and those
reported in the literature (Fiamingo et al. 1989).

Once the parameters A7, 49, 6, and o ,, were extract-
ed by the fit, they were related, by means of the AOM, to
the distribution of the iron-heme displacement by intro-
ducing a Gaussian distribution for the iron-heme dis-
placement around its average position. An example of the
fit of the 4, and A4, distributions is shown in Fig. 2 from
which it is clear that both the 4, and 4, distributions can
be satisfactorily reproduced.

Results and discussion

An example of the reliability of the method employed to
analyze the EPR spectra is reported in Fig. 3, in which a
superposition of the experimental (continuous line) and
the simulated (dashed line) spectrum of a pure Mb sample
is shown. From a visual inspection the agreement be-
tween the two patterns appears very good; however, the
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Fig. 2a,b. An example of the fits (full circles), derived from the
AOM approach, of the crystal field parameter distributions (contin-
uous lines) A, a and 4, b, for a pure Mb sample
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Fig. 3. Experimental (continuous line) and simulated (dashed line)
X-band EPR spectrum, recorded at 77 K, restricted to the g=6
region of high spin ferric Mb sample in pure water (y*=0.71). The
spectrometer settings were: Microwave power level: 10 mW; Mag-
netic field sweep rate: 0.1 Tesla in 8 min; Time constant: 0.064 s;
Modulation amplitude: 0.0005 Tesla; Modulation frequency:
100 kHz; Microwave frequency: 9.13 GHz



goodness of the fit has been confirmed by the y>-test.
Similar results have been obtained for the fits of all the
other Mb spectra. The values obtained for the 4, and 4,
distributions appear to be consistent with the experimen-
tal values reported in the literature (Bizzarri and Cannis-
traro 1991, 1992 a; Fiamingo et al. 1989).

Before analyzing the results in details, some consider-
ations on the processes occurring in the Mb samples dur-
ing the cooling process should be made. Upon decreasing
the temperature, the bulk of the protein solution under-
goes a liquid-solid phase transition that can be monitored
by the appearance of a deep in the resonant cavity mode
of the spectrometer where the cooling process is per-
formed. Such a transition occurs at 240 K for pure Mb
samples. When a glass-making solvent is used this tem-
perature is lowered; i.e. in the presence of glycerol (1:1 by
volume), the bulk solidification occurs at 220 K. We can
imagine that the freezing of the bulk may reduce or even
prevent CS transitions involving significant displace-
ments or rearrangements of large parts of the protein
molecule. On the other hand, since the freezing of the bulk
occurs at a temperature higher than the protein glass-
temperature T, (T,=220K for pure Mb samples and
7,=180 K for samples with 75% of glycerol (Iben et al.
1989), transitions among CS may still be active even if the
protein is embedded in a solid matrix. This fact shows the
relevant role played by hydration water dynamics in the
activation of the protein dynamics (Doster et al. 1986).
Hydration water, that has been observed by NMR exper-
iments to be not blocked above 200 K (Andrew et al.
1983), could contribute to the establishement of the
protein structural heterogeneity, for a example according
to a multiplicity of hydrogen bond networks on the
protein surface (Doster et al. 1986).

A sort of strain around the active site, and in general
in the overall protein structure, could be induced by the
crystal growth at the phase transition of the bulk. Such an
effect may be dependent on the solvent composition in the
sense that the presence of some solvents, affecting the
crystal dimensions, could result in a different strain in the
protein structure. In this context, it can be remarked that
the presence of possible artifacts in the ligand orientation
of oxycobalt Mb have been observed to be induced by the
freezing procedure (Hori et al. 1990). On the other hand,
since the metal ion is not directly exposed to the external
solvent, the possible freezing-induced effects on the iron
should be considered as a main consequence of changes in
the overall protein matrix rather than of a direct alter-
ation produced on the heme group.

Figure 4 shows the 4, and 4, Gaussian distributions
obtained by computer simulation, through Eq. (7), of the
experimental spectra of Mb samples in solutions with
different solvent compositions. The significant spreads
displayed by these crystal ficld parameters (see the ¢ val-
ues reported inside Fig. 4) reflect the presence of a frozen
ensemble of molecules, each one providing a slightly dif-
ferent ligand field to the Felll ion; such a disorder arising
from a modulation of the distances and/or the angles of
the ligands with respect to the paramagnetic ion. From
Fig. 4, it is also evident that the solvent composition af-
fects the crystal field parameter distributions; 4, appears
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Fig. 4. Distributions of the crystal field parameters 4, a and 4, b
for high spin ferric Mb samples under different conditions; (full-
square) pure Mb; (full-circle) Mb in water-glycerol mixture (50% by
volume); (empty-circle) Mb in water-cthylene glycol mixture (50%
by volume); (full-triangle) Mb in water 1 M sucrose mixture (50%
by volume); (star) Mb in water 1 M ammonium sulfate mixture
(50% by volume). These distributions were obtained by simulation
of the g=6 line, through Eq. (7), of the EPR spectra recorded at
77K

to be the parameter most sensitive to changes in the
protein milieu. In particular, addition of glycerol,
ethylene glycol and sucrose produces a narrowing of the
4, distribution, such an effect being particularly signifi-
cant for glycerol. It should be remarked that, at variance
with what happens with the addition of methanol and
ethanol (Brill et al. 1986), the solvents used in the present
investigations do not directly bind to the metal ion (Biz-
zarri and Cannistraro 1992 a}. Moreover, it has been re-
ported that the biological activity of heme-proteins is not
impaired in the presence of glycerol and ethylene glycol
(Cordone et al. 1988). In addition, small shifts of the mean
values of the 4, crystal field parameter are caused by
these solvents. Concerning 4,, the most significant
change, in both the central values and in the variances, is
registered in the presence of ammonium sulfate. A ratio-
nale for these results can be found when a distribution for
the metal ion position, along the normal to the heme
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plane, is considered. The gaussian distributions for the
iron heme displacement, as extracted from the 4, and 4,
distributions of Fig. 4, are shown in Fig. 5. It is notable
that a significant spread for the iron-heme displacement
characterizes all the analyzed Mb samples. The spread o,
of pure Mb samples is about 0.06 A. Such a value, smaller
than those reported by other experimental techniques for
Fell Mb samples (0.07—0.30 A) (Frauenfelder et al. 1979;
Srajer et al. 1988), can be justified by taking into account
the higher oxidation state for the metal ion in our sam-
ples.

In general, the proximal histidine, which provides a
nitrogen atom as a ligand to the metal ion, mediates the
effects on the iron induced by changes in the protein
matrix. Then, proximal histidine, assuming slightly differ-
ent positions in the various frozen molecules, as can be
shown from the X-ray diffraction studies (Parak et al.
1987; Frauenfelder et al. 1979), could induce a modula-
tion in the iron position for the different CS. Therefore,
the observed spread o, of the iron-heme displacement
directly reflects the conformational substrate landscape
of the protein molecules and can be assumed to be a
suitable parameter to quantify the structural heterogene-
ity characterizing the protein frozen ensemble.

From Fig. §, it is notable that glycerol, ethylene glycol
and sucrose essentially induce a narrowing of the iron-
heme displacement distribution while they do not modify
in a significant way the average position of the iron. In
contrast, addition of ammonium sulfate only slightly af-
fects the width of the distribution, but produces a signifi-
cant approach to the heme-plane of the iron average po-
sition. These substances, used at high concentrations, are
expected to modify the water network and to induce some
changes in the protein structure. Glycerol, an organic
solvent widely employed in protein analysis and in opti-
cal spectroscopy to make samples transparent, is known
to induce a sort of stabilization of the protein structure. In
general, glycerol induces alterations in both the protein
dynamics (by affecting the solvent viscosity) and the ther-
modynamic properties of the protein (Beece et al. 1980;
Almagor et al. 1992). From the latter point of view, it is
known that glycerol is preferentially excluded from the
domain of the protein (first hydration shell) (Gekko and
Timasheff 1981) with a subsequent raising of the chemical
potential of the protein (Gekko and Timasheff 1981); such
an effect being dependent on the glycerol concentration
(Gekko and Timasheft 1981). As a consequence, to mini-
mize the free energy, the system will tend to decrease the
area of the solvent-protein contact through an enhance-
ment of the protein self-association. On the other hand,
such a packing of the protein stabilizes the protein itself
by requiring more energy for its denaturation. In this
context, it can be envisaged that large amplitude motions
are unfavourable, that CS involving large residue dis-
placements are no longer accessible and consequently,
that the heterogencity should be reduced. This seems to
be the case especially when the results at different glycerol
concentrations are analyzed. The trend of the iron-heme
displacement distributions of Mb samples at three differ-
ent glycerol concentrations (25%, 50% and 75% glyc-
erol-water by volume) is shown in Fig. 6. It is evident that
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Fig. 5. Gaussian distributions of the iron-heme displacement for
Mb samples under different conditions, as derived by the AOM
approach (see text) from the 4, and 4, crystal field parameter
distributions shown in Fig. 4; (full-square) pure Mb; (full-circle) Mb
in water-glycerol mixture (50% by volume); (empty-circle) Mb in
water-ethylene glycol mixture (50% by volume); (full-triangle) Mb
in water 1 M sucrose mixture (50% by volume; (start) Mb in water
1 M ammonium sulfate mixture (50% by volume)

l_ T T T T T l i ]

N ov= 0.040 () 1

- Oe= 0.032 (R) -

- og= 0.024 (R)

—_ i i
& 1w ]
A = i
- §

51— ]

- 1

0 r ! ‘ . . j ]

4
a(l)

Fig. 6. Gaussian distributions of the iron-heme displacement for
Mb samples in different conditions, as derived by the AOM ap-
proach (see text) from the A, and A, crystal field parameter distri-
butions shown in Fig. 6; (empty-triangle) Mb in water-glycerol mix-
ture (25% by volume); (full-circle) Mb in water-glycerol mixture
(50% by volume); (empty-square) Mb in water-glycerol mixture
(75% by volume)

an increase of the amount of glycerol present in the
protein solution yields a narrowing of the iron-heme dis-
tribution. Moreover, at a glycerol concentration of 75%
a significant approach of the average position of the metal
ion to the heme-group can also be demonstrated. This
evidence could indicate that the protein packing becomes
much stronger at higher glycerol concentration. Never-
theless, some other mechanisms could be hypothesized in
order to explain the reduction of ¢, by adding glycerol.
For instance, the lowering of the dielectric constant & of
the solvent, as induced by glycerol, could result into a



stronger interaction among the charged aminoacid
residues. Then, the protein dynamics might be affected so
that the sampling of some CS would be prevented and, in
turn, a decrease in the protein heterogeneity upon freez-
ing could be registered. However, the effect on ¢ as in-
duced by glycerol has been questioned (Lakshami and
Nandi 1976). Another possible mechanism could be rep-
resented by the postulated decrease of the H-bond rup-
turing capacity of the medium as induced by the presence
of glycerol (Gerlsma 1970). In the hypothesis that the
presence of a multiplicity of water states is strictly cou-
pled to the existence of the CS distribution (Doster et al.
1986), a slow down of the solvent dynamics, which is
connected with a reduced heterogeneity in the water
patches population, would be responsible for the reduced
protein heterogeneity. Finally, as we have already men-
tioned, the presence of glycerol in the protein solution
could induce a reduction in the crystal dimensions (Ha-
gen 1981) when the freezing temperature is approached;
such an effect, which should be dependent on the concen-
tration, could be also invoked to explain the reduced
heterogeneity of the protein system.

Eythylene glycol has chemico-physical properties in
common with glycerol, so that the above mentioned
mechanisms could be responsible for the effects displayed
by this solvent on the protein molecule heterogeneity.
The slightly smaller effects induced by ethylene glycol
with respect to glycerol, is consistent with the results ob-
tained by optical spectroscopy (Di Pace et al. 1992).

Sucrose, like glycerol, is preferentially excluded from
the domain of the protein (Gekko and Timasheff 1981),
and its presence in the protein solution also yields a stabi-
lization of the protein itself (Gekko and Timasheff 1981).
This effect is due to a molecular mechanism different from
that which is operative in the presence of glycerol; in fact,
sucrose essentially stabilizes the protein structure by
means of an increase of the surface tension of water (Lee
and Timasheff 1981). However, also in this case, the ob-
served effects on the crystal field parameters, and on the
iron-heme displacement, indicate a reduction of the
protein heterogeneity. In general, it seems that every
molecular mechanism leading to a stabilization of the
protein structure can also lead to a reduction in the struc-
tural heterogeneity. Moreover, while glycerol molecules
insert into the water structure, in a water-sucrose mixture,
clusters of bulk water are separated by sucrose molecules
(Gutman et al. 1992). Consequently, the freezing strain in
solutions with sucrose is expected to be different from
that occurring in a water-glycerol solution.

Finally, we consider the effects induced on Mb samples
by the presence of ammonium sulfate, a salt widely em-
ployed in the purification and crystallization of the
protein. It is known that an increase of the concentration
of this salt results in a decrease of the Debye length of the
counterionic cloud around the macromolecules (Stryer
1988). This effect, that is the basis of the salting out pro-
cess, results in a sort of shrinking of the protein structure
(Gabler 1978); in other words, the larger shielding of the
electric charges of the amino-acid residues allows the
protein to assume a more compact structure. The ob-
served approach to the heme plane of the average posi-
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tion of the iron (see Fig. 6) suggests a modification in the
environment of the heme-group possibly induced by
some changes in the protein structure. On the other hand,
it should be emphasized that no significant change in the
spread of the iron position is observed, with respect to
pure Mb solution; this means that the structural hetero-
geneity of the proteins is not significantly affected by the
presence of this salt. This result is in agreement with the
fact that since no significant variation in the viscosity is
expected to be induced by ammonium sulfate, protein
dynamics should not be affected in the presence of this
salt. On the other hand, in the hypothesis that the solvent
dynamics are responsible for the protein sample hetero-
geneity, such an effect might indicate that the multiplicity
of the water states on the protein surface is not much
modified by the addition of ammonium sulfate. In sum-
mary, the addition of ammonium sulfate causes a change
of the overall protein structure and, at the same time, it
does not induce any substantial alteration of the structur-
al heterogeneity of the protein molecules, these results
should be taken into account in the analysis of the results
obtained for Mb crystals whose preparation requires am-
monium sulfate.

Conclusions

EPR is a rewarding technique for investigating the struc-
tural heterogeneity of low temperature Mb solutions re-
sulting from the presence of a frozen ensemble of
molecules in different CS. The heterogeneity of the
protein system can be quantified by the distribution of the
iron-heme displacement, a geometrical parameter rele-
vant for the biological function of the protein that can be
extracted from the EPR spectra by the AOM. The signif-
icant modification of the protein structural heterogeneity,
as induced by changes in the solvent composition, shows
the important role played by the solvent in protein dy-
namics. These results should be taken into account in the
analysis of data obtained by experimental techniques re-
quiring the presence, in the Mb samples, of some sub-
stances. In particular, addition of glycerol, ethylene glycol
(widely used in optical spectroscopy) and sucrose can
result in a strong decrease of the structural heterogeneity
of the protein system; moreover, the presence of ammoni-
um sulfate (required to make Mb crystals) can induce a
significant change in the iron-heme average position. Fi-
nally, it should be remarked that, since these results have
been obtained at low temperature, possible freezing-in-
duced effects cannot be ruled out; however, they are not
peculiar to the particular technique employed but to the
temperature at which measurements are performed.
Then, they should be taken into account in the low tem-
perature studies, independent of the particular technique
applied.
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