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Abstract

The EPR spectra of nitrosyl hemoglobin and myoglobin in different conditions (native, denatured and lyophilized), as well as
of hematin-NO were obtained in the temperature range of 80-280 K. There is a substantial and reversible decrease of the areas
of the EPR spectra of all the hemoglobin samples above 150 K. The interpretation of the results implies the existence of two confor-
mational states in thermal equilibrium, only one of which is EPR detectable. Thermodynamical parameters are determined for the

hexa- and penta-coordinated cases.
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1. Introduction

The important role of the sixth ligand in hemoglobin
(Hb), particularly of the physiologically important
oxygen, has led to a large number of studies which use
physical techniques.

It has been known for a long time that Fe exists in
FeZ* or Fe’* states. The physiologically important Fe2*
is in general not accessible to studies by Electron Para-
magnetic Resonance (EPR), hence the EPR effort has
concentrated on hemoglobins in the Fe3* state with li-
gands such as H,0, F, CN, etc. Nitric oxide (NO) is an
exception. When complexed to the sixth position of the
heme iron the latter is ferrous with S = 0, while the total
spin of the unit (S = 1/2) originates from NO. The pro-
tein becomes paramagnetic, easily observed and widely
studied by EPR [1].

Experiments with HbNO have shown spectral differ-
ences for NO bound to the o and 8 chains of the
tetrameric hemoglobin, as well as differences between
tense (T) and relaxed (R) conformations [2-9]. Never-
theless, there are still some questions concerning the
electronic structure and conformation of the protein
with the NO ligand [10,11].

* Corresponding author, Tel.: 021 541 0337; Fax 021 541 2047.

! Permanent address: Instituto de Quimica, Universidade Federal
Fluminense, Outeiro Sao Joao Batista, 24020-150, Niteroi/RJ, Brazil.

0141-8130/96/815.00 © 1996 Elsevier Science B.V. All rights reserved
SSDI 0141-8130(95)01078-Z

We have previously noticed spectral changes of the
EPR absorption as a function of temperature below 100
K [11]. In this paper we describe an extension of these
studies to higher temperatures using different samples of
HbNO, MbNO and hematin-NO.

2, Experimental procedure

Hb was prepared from fresh human blood using stan-
dard procedures. Mb (horse heart, Sigma) was com-
pletely oxidized with K3Fe(CN)s and the excess was
removed by gel filtration. Powder Hb was obtained with
a Labconco lyophilizer 75200. Hematin was reduced
with excess (2:1) sodium dithionite and kept in anaero-
bic conditions with N, flux. Solutions were 3—5 mM of
heme in phosphate buffer, 0.1 M, pH 6.5, except for
hematin which was dissolved in pyridine. All samples
were transferred to the EPR tubes which contained
MgCr?* as g-marker, in the presence of a nitrogen (N,)
atmosphere. The EPR sealed tubes were alternately
evacuated and purged with N, by means of a syringe,
except for the powder samples. In the latter case this
procedure was performed with the powder samples in
the tube.

HbNO and MbNO complexes in saturated conditions
(HbNO in R conformation) were prepared by deox-
ygenating the samples with N, flux followed by injec-
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tion of NO gas. HbNO in the T conformation was
obtained in the presence of inositolhexaphosphate
(IHP), two per heme. In volume, 10% of an R HbNO
sample was added to the previously deoxygenated Hb-
IHP sample. Samples were used at least 1 h after
preparation, time sufficient for distribution of NO
among the 4 polypeptide chains.

The 75% glycerol sample was prepared as for the R
conformation after dilution of the Hb solution with gly-
cerol 3:1 (glycerol:solution). Powder HbNO was obtain-
ed by injecting NO gas into the previously purged tube.
Heat denatured HbNO and MbNO were prepared as in
[12], (80°C, 5 h).

EPR experiments were performed with an E-9 Varian
X-band spectrometer. Measurements between 80 K and
280 K were performed with an N, flux system. The tem-
perature was measured with a chromel vs. constant ther-
mocouple located just above the sample.

3. Results
Fig. 1 presents the EPR spectra of the 5 types of

HbNO samples examined. All of them have been
previously observed [5-8,12]. The vertical lines in Fig.

g = 2.01

Fig. 1. EPR spectra of different human HbNO samples at 80 K: (a) R
conformation; (b) 75% glycerol; (c) T conformation; (d) powdered
sample; (¢) denatured.

1 indicate the positions at which amplitudes of the lines
were measured for analysis. Intensities at other points,
as well as the double integral of the spectra (areas) were
also measured, yielding identical temperature depen-
dence. Fig. 1a shows the spectrum in R conformation
and is identical to the ‘high’ temperature, C component
previously described [11). The 75% glycerol sample (Fig.
1b) gives a very similar spectrum, but for the absence of
a slight indication of the 3-line hyperfine interaction
present in Fig. la. Nitrogen hyperfine interaction,
characteristic of the 5-coordinated iron [5) is clearly seen
in the T conformation in the powdered and denatured
samples (Fig. 1c, d and e, respectively). The presence
and absence of the hyperfine structure have been at-
tributed to changes in the distance between Fe and the
nitrogen ligand of the proximal histidine [5).

The analysis of the HbNO spectra is simplified by the
temperature range of the present experiments. While at
low temperatures (< 100 K) saturation effects had to be
considered [11], at higher temperatures these effects are
not important since the shapes of the spectra remain un-
changed, independent of the klystron power. Their
widths remain constant, while their intensities increase
with power level without indication of saturation. This
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Fig. 2. The temperature dependence of the intensities of EPR spectra
of Hb: (a) powdered; (b) R conformation; (c) 75% glycerol; (d) T con-
formation. The solid lines are examples of the theoretical fits using the
values of free energies and entropies given in the text.
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Fig. 3. The temperature dependence of the intensities of EPR spectra:
(a) g-marker (MgCrZ"); (b) hematin-NO; (c) native MbNO; (d)
denatured MbNO; (e) native HbNO; (f} denatured HbNO.

observation was confirmed for all HbNO and MbNO
samples. We adopted in consequence a 20 dB level (~2
mW) in all experiments.

In Figs. 2 and 3 we compare the temperature depen-
dence of the intensities of the spectra, proportional to
the number of spins. The spectra of the g-marker are
used to verify that the effect of changes of the Q factor
of the cavity with temperature is negligible. Except for
hematin-NO and native MbNO (Fig. 3) the curves show
a sharp decrease of intensities which starts between 150
K and 220 K. These results were independent of the
heating (or cooling) cycles which were varied in diverse
ways. In a typical experiment a sample prepared at room
temperature was cooled either to the lowest temperature
(80 K), or to a temperature slightly below 273 K. The
temperature was then increased (decreased) by about 5
degree intervals and the spectra taken after 5 min equi-
libration. The temperature cycles were perfectly
reproducible. In all cases the maximum temperature was
above 273 K.

4. Discussion
Spectral changes are negligible for temperatures

above 80 K, except for hematin-NO whose area however
remains constant.
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The most interesting feature of the results is the
pronounced and reversible decrease of the intensities (or
areas) of the spectra of the different nitrosyl
hemoglobins above about 150 K (Fig. 2). Deviations
from linearity at higher temperatures (about 230 K)
have been attributed to the effect of the thawing of hy-
dration waters [13]. This is not the effect observed here
since it occurs, in powdered, lyophilized, as well as in
glycerol samples, thus eliminating problems which arise
from the aggregation of solvent on freezing.

Since there is no change in the shape of the EPR spec-
tra of the samples we can assume the existence of higher
lying electronic energy levels. In the case of metHb
(Fe**, S = 5/2) a decrease of amplitude of the signal
with increasing temperature is due to zero field splitting
of the lowest energy level (£1/2, £3/2, £5/2) [14].
Nevertheless this possibility is normally rare in the Fe2*
heme proteins because of the large energy separation
between the lowest and the first excited state. Indeed
such a model failed to fit the experimental curves.

The experimental curves can be fitted with an expres-
sion of the form:

I'=1IyT (1 + exp(-AG/kT)),

where AG is the free energy difference between two con-
formational states, [, is @ normalization factor and 1/T
is the factor associated to the high temperature limit of
the Boltzmann distribution of the Zeeman doublet
dominant at low temperatures.

Such a fit suggests a thermal equilibrium with a sec-
ond species not detectable by EPR, corresponding to
slight changes in the geometry of the heme, the proximal
histidine and the ligand NO. Considering AG = AH -
TAS with AH and AS temperature independent, we
obtain AH =293 + 0.9 kJ/mol and AS=105 + 6
J/mol K for R type samples, and AH =12 + 2 kJ/mol
and AS =42.4 + 0.8 J/mol K for 5-coordinated sam-
ples. Results are shown in Fig. 2.

Perutz has assigned two species in thermal equilibri-
um in both R and T states of azide carp Hb to two
stereochemical configurations differing in their Fe-
Nporpn distances, combined with the rigidity of the Fe
atom below 220 K [15,16]. Our experimental results
show effects even at lower temperatures with differences
in the behavior of those two quaternary structures. Our
AH values suggest that stereochemical changes are
favored in the 5-coordinated conformations which have
longer Fe-N (proximal histidine) distances. The values
for AH are of the same magnitude as the ones determin-
ed for horse Mb [17} and for erythrocruorin between
100 K and 310 K [18], respectively. Our results differ
from the previously reported ones in that they show no
evidence of spectral shape changes.

Waleh et al. [10] have shown that in the nitrosyl fer-
rous heme compounds the electronic energy diagram
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depends on the local geometry around the heme and can
vary from strong spin localization on NO (the situation
‘normally’ observed by EPR in heme proteins) to one
with the spin localized on the iron d? orbital. Minor
variations in ligand distances, or in bonding angles
affect the energy differences and the relative orders of
the levels. Such spin shifts could be caused by steric fac-
tors resulting from temperature increase and a shift to
Fe2* can reflect itself in an increase of the relaxation
rates leading to a line broadening beyond the possibility
of the EPR detection.

The similarity of the temperature dependence of the
EPR intensity of HbNO to that observed for the Lamb-
Mossbauer factor [19-21], for the dielectric relaxation
time of water in Mb [22] and for the infrared frequency
of oxygen-deuterium band maximum {23] in globular
proteins is interesting. While EPR and Mossbauer re-
sults refer to the iron and its neighbours, infrared and
dielectric relaxation provide global information about
the protein. The correlation of all these results, sensitive
to different time scales, suggests a dynamic transition
with fast localized motions coupled to slower collective
ones.

Furthermore, the enthalpy value of the two level sys-
tem determined for the S-coordinated samples in our re-
sults is identical to the enthalpy corresponding to the
difference in the energy between torsional states in Mb
[24].

The observed anomalous decrease of the EPR intensi-
ty with temperature extends to denaturated samples
analogous to the increase of the intensity of broad quasi-
elastic line in measurements of the dynamic structural
factor of Mb using inelastic neutron scattering [25].

MbNO does not show the sharp decrease of the EPR
signal intensity. This anomalous behavior of MbNO in-
dicates a stabilization of a species as in cytochrome ¢
oxidase [17] and in Aplysia brasiliana [18]. In the latter
the distal histidine is absent having a strong effect on the
electronic structure of the complex. Such a difference in
histidine binding between Hb and Mb was also observed
in met-HyO complexes despite their very similar en-
vironments [26]. Other unexpected experimental results
have also been observed in MbNO, such as the complex-
ity of the kinetics shown by the non-exponential rebin-
ding after photodissociation at room temperature [27).

Photolysis of HbNO at low temperatures also results
in the loss of EPR signal [28] accompanied by a slight
displacement of NO, similar to transitions between A
and B states observed in MbCO [29]. The present exper-
iments indicate the existence of energy barriers which
are somewhat higher, but of the same order of
magnitude as in those experiments.

The substates model has proven very successful in
elucidating a large number of experiments [30]. It im-
plies that very small changes in the minimal details of
protein conformation can lead to states with different

functional behaviour, such as, for instance, reaction ki-
netics of the ligands of Mb [31). These states do not dif-
fer among themselves neither in the oxidation, nor in the
spin state.

The existence of various conformational species in
equilibrium is the principal aspect of the substates
model [32). Our observations indicate that this is a gen-
eral property of the hemoglobins, independent of their
quaternary structure, or solvent conditions.

We have used the EPR technique to probe the dyna-
mic changes in HbNO in different physical states. This
revealed that the iron coordination state determines the
energy difference of the two-level system proposed.
Together with other observations it points to a glassy
character of globular proteins [34], and contributes to
the understanding of the structure of globular proteins,
important to their biological functions.
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