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ABSTRACT

Since the initial work of Ingram (8,10) Electron Paramagnetic Resonance contributed
considerably to research in hemoglobins. Now, 40 years later we review some of the
results of the application of EPR to nitrosylhemoglobin (HbNO), as an example of the
diversity of information which this technique can provide.
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Research in heme proteins constitutes one of the most voluminous chapters of studies
which use physical concepts and techniques in biology and is responsible for awakening
interest of many physicists in biophysics.

Hemoglobin is one of several hemoproteins, so called because heme is their central
part. Other hemoproteins are myoglobin, cytochrome c, etc. Let us take a closer look at
hemoglobin with which we will be mainly concerned.

Hemoglobin is a protein whose physiological function is to transport oxygen in blood.
This transport is quite efficient. Hemoglobin in 100ml of human blood is capable of
binding 20ml of O2, while if the transport consisted of dissolved O2 in plasma, 100ml of
plasma would transport only 0.3ml of O2.

This system of transport has been used during about 500 million years of the evolu-
tionary development, without undergoing substantial changes. It is another proof that
when nature "invents" a succesfull molecule it sticks to it!

Hemoglobin consists of 574 amino acids and has a molecular weight of 64650 daltons
fig. 1 [1]. It is composed of four polypeptide chains, each one containing a unit called heme,
which consists of an iron ion surrounded by five nitrogen atoms; the sixth position can be
occupied by O2, marked by a sphere in fig. 2. This description is actually oversimplified,
since the four nitrogens with iron in their center form part of pyrrole groups, as seen
in fig. 2. The nitrogen in the fifth coordination position (N£) belongs to an amino acid,
histidine. The surrounding of the heme is shown in fig. 3. The oxygen molecule can easily
be replaced by many other ligands, such as water, CN, N3, NO, etc. Each of these ligands
determines the magnetic properties of the protein. In the case of the physiologically
important deoxyhemoglobin, the sixth coordination position is vacant.

The unusual magnetic properties of heme proteins have been noticed already by Fara-
day [2], who however did not pursue this line of research. It was left to Pauling to measure
the magnetic susceptibility of hemoglobins with various ligands and to derive the first con-
clusions concerning the electronic state of iron in the heme proteins [3,4,5]. Without iron
the heme proteins, similarly to most other proteins, are diamagnetic. Iron is not only the
source of magnetism, but also is the reaction site, the heart of the protein which performs
the task for which it is designed. Thus hemoglobin transports oxygen, myoglobin stores
oxygen, and cytochromes are involved in electron transfer.

Many questions come to mind in as far as functioning of hemoglobin. How is the oxygen
molecule transported from blood to the iron? How is it released from the molecule as
blood travels through different parts of the body? Why does it require much more energy
to bind the first oxygen in each molecule, than the third or the fourth one? We will not
answer these questions here, but the research that will be discussed gradually provides
the answers.

The first step in the physical studies of such a complicated molecule is to obtain a three
dimensional map with the positions of all atoms. Using x-ray diffraction method, this was
first accomplished for the smaller molecule myoglobin (17815 daltons, single polypeptide
chain) by Kendrew and by Perutz for hemoglobin [6, 7]

To the delight of the physicists the magnetic susceptibility measurements disclosed that
nature rarely provides such a laboratory of varied possibilities. While the physiologically
important form of iron is Fe2+ which in oxyhemoglobin is diamagnetic (S=0), and in
deoxyhemoglobin is paramagnetic (S=2), other ligands are responsible for the Fe3+ state.
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The first Electron Paramagnetic Resonant (EPR) experiments in heme proteins ap-
peared in 1955 [8], not long after the discovery of the EPR spectroscopy by Zavoisky
in 1945 [9] . These early experiments lead to a detailed description of the geometry of
the heme plane in the hemoglobin and myoglobin unit cells [10] (fig. 4). Single crystals
were necessary- for that work, but the know-how of their preparation existed since the
x-ray pioneering studies. Since the resolution of the early x-ray diffraction work was not
sufficient for such a description, the EPR results constituted a triumphant entry of this
technique into biology.

Bennett et al [8] were the first to observe an EPR signal in nitrosylhemoglobin (HbNO).
NO was introduced to substitute for O2, and it was verified that it binds to iron at the
same sixth coordination position (fig. 2) at which oxygen is normally bound.

The interest in these studies resulted primarily from the fact the HbNO is paramag-
netic while HbO2 is not, and that NO is electronically very similar to O*. It also became
evident that HbNO spectrum reflects not only the local properties of the heme unit, but
also the general (quaternary) structure of the protein. Since 1962 a stream of papers
described various aspects of HbNO research.

Hemoglobin's four polypeptide chains are divided into two a and two (3 (a2/32)- During
the early years of these studies it was realized that the HbNO spectra are a composite of
absorption in the a and /? chains. X-ray diffraction has shown that there is no equivalence
in terms of the geometrical surrouding of the a and 0 hemes [11]. a hemes have more
freedom of motion than /? hemes. Hence it was not surprising that their EPR spectra
differed. The identification of the spectra was made possible separating the two types
of chains. It was observed that a NO spectra have axial symmetry at room temperature,
while PNO deviate from that symmetry; furthermore the spectrum of the tetramer (HbNO)
turned out to be a sum of the isolated chain spectra. This is understendable since the
distances between the individual hemes are larger than 20A, making any direct magnetic
interaction between them highly improbable. Myoglobin which consists of one polypeptide
chain with a single iron is a convenient control for these experiments.

Similarly to the research in solid state physics important progress was made using
crystals instead of solutions. The difficulty with single crystals in heme proteins is their
small size. While the necessary crystals for x-ray diffraction can be of minute size, EPR
requires larger crystals because of the unfavorable ratio of iron atoms to the "background"
of the remaining atoms. Single crystal measurements [12, 13] in MbNO and HbNO have
provided information on the bent angle Fe-N-0 which turned out to be 105° in 0 hemes
and 165° in a hemes. The g and hyperfine tensors have also been obtained. Furthermore,
the electron density of 44% on Fe and 55% on the nitrogen of NO was obtained, showing
that practically no electron density is located on the four pyrrole nitrogens and that iron
is not really a pure Fe2+ ion. These experiments relied on substitution of nitrogen with
N15 and of iron with Fe57.

Another useful technique is the preparation of hybrids [14,15] (fig. 5). A hybrid is a
tetrameric hemoglobin whose a hemes have a different ligand than the /3 hemes. Many
mixed state hybrids of the type OLNO&X and ax0so where x stands for another ligand
such as CO, CN, O2, H^O, etc. have been examined. The interesting conclusions of these
studies are:

1) at both room temperature and at 77K the spectrum of HbNO is the sum of the spectra
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of aNO +

2) aso has rhombic symmetry with hyperfine structure originating from two non-equivalent

nitrogens: NO and Ne of the proximal histidine;

3) at room temperature the spectrum of MbNO is similar to (3NO, of the hemoglobin;

4) aNO spectrum in the hybrids depends greatly on the /? heme Iigands, while (3NO

spectrum does not depend on a ligands;
5) there is a splitting of about 6G due to Nr visible only in some cases.

Since a, 0 and MbNO, all with the same ligand in the 6th position present a variety
of EPR spectra, these differences must be due to minute changes in the structure of the
chains. These conclusions remain valid and have been reinforced by Frauenfelder's studies
of protein dynamics [16].

All the previously described studies dealt with fully NO saturated hemoglobin. It is
however known that hemoglobin without any oxygens attached has a quaternary struc-
ture, called T (tense). At the other extreme, when fully oxygenated (with oxygen attached
to all four hemes) the structure is different and called R (relaxed). These different struc-
tures have been seen in diffraction maps and correspond to considerable displacements of
different amino acids. Such allosteric transitions are now well documented and described
by a theoretical model [18]. It has also been known that organic phosphates, such as IHP
(inositol hexaphosphate) also induce such conformational changes [1,6]. Since HbNO also
exhibits transitions from T to R structure, EPR turned out to be useful in studying the
effect of T to R transition on the heme region.

The main conclusion emerging so far from these studies is that in the T conformation
aso is 5-coordinated, while fao is 6-coordinated; in the R conformation both types of
chains are 6-coordinated. This implies that the distance between Fe and Ne increases
considerably in the a chains in T conformation [19, 20]. Such an increase in distance
leads to an extension, or even breakage of the bond. The 3 line hyperfine structure due
to Ne disappears, while the remaining 3 line structure is due to the nitrogen of NO and
becomes very pronounced in T conformation. Hence the bond between Ne and Fe of the a
chains is fundamental in the structure-function relation in hemoglobin, since the motion
of this nitrogen trigers the vast transformation which occurs in the whole molecule on
attachment of NO (and, by analogy of O2) (see ref. 1 for illustrations and discussion).

These studies were, as we have seen based on single crystals, hybrids and one ought
to add, mutants [19, 21]. In discussing mutants we deal with a specifically biological phe-
nomenon with no parallel in solid state physics. Until recently mutant hemoglobins-with
an amino acid exchanged by another one, due to an error in the DNA gene, responsible
for the amino acid sequence in this protein-could only be obtained from the blood of
persons with such a mutation. Today mutations can be tailored at will. Mutants were
very useful in complementing the work done with hybrids, since certain mutations in the
neighborhood of the heme change the characteristics of that heme, leaving it, for instance
in the ferric state, useless for ligation with O2, or NO. Since mutational events are very
rare, and the a and /? chains are coded by different genes, humans do not usually exhibit
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more than one mutation. Mutants thus provide an opportunity to observe characteristics
of either a or 0 chains without having to temper with the hemoglobin.

We have discussed so far aspects relating to the individual chains, their transformations
and the effect they have on the EPR spectra. It became however apparent that these
spectra contain additional informations beyond the ones discussed. They relate to other
conformational aspects of the hemoglobins.

Morse [22] observed that the spectra of MbNO, as well as of the cytochrome c, pro-
toporphyrins, etc. exhibit a temperature dependent spectrum which can be decomposed
into two. He interprets this as arising from two six-coordinated conformers, differing in
the position of Fe with respect to the ligands and to the heme plane (fig. 6). The predom-
inantly low temperature species (30K) corresponds to fig. 6a and the high temperature
one (180K) to fig. 6b. Similarly, Neto [23] has shown the existence of two species in
MbNO between 11 IK and 267K, whose spectra taken in different proportions at different
temperatures, add to yield the observed spectra. Sanches [24] in her studies of the effect
of hydration on HbNO showed also the existence of two species: one corresponding to
normal hydration, and the other one to dehydrated condition. When summed in different
proportions they yield the experimental spectra corresponding to intermediate hydrations.
The interpretation is that there exist two configurations of the heme pocket in the region
of the 6th ligand, with varying ratio of occupation, depending on hydration.

Low temperature experiments (7.5K-104K) in HbNO have similarly indicated a super-
position of spectra [25]. In these case three spectra add in different proportion, depending
on the temperature to produce the observed spectra, with the added feature that their
relaxation times differ. Difference in the relaxation rates produces spectra whose ampli-
tude decreases and even disappears at high microwave power for a long relaxation time
component, and increases continuously with increasing power, for a short relaxation one.

These results are indicative of phenomena described in the series of papers by Frauen-
felder and his group [16] which deal with the dynamics of the proteins. Their studies on
MbCO have conclusively shown that the ligand can assume, at low temperatures, various
orientations with respect to the heme plane, producing conformational substates. Three
substates have been determined and correspond to three different groups of CO bound
at different angles to iron in myoglobin (fig. 7). There exists no detailed description
of heterogeneity of NO bound to hemoglobin, but it is almost certain that the substate
model applies also in this case, giving rise to the observed phenomena [26].

This model has been studies mainly by optical spectrocopy in experiments involving
photodissociation and the subsequent reassociation of the ligand. Similarly photodissocia-
tion observed in HbNO by EPR has shown that, at low temperatures NO escapes to a site
very close to the liganded position, from which it can reassociate with iron by tunneling
[27].

One should mention also the theoretical ef.ort to obtain a coherent description of
the electronic diagram of HbNO. There exists a consensus that the unpaired electron
is located in an orbital formed by the n* orbital of bound NO and d orbitais of iron
(28). An interesting study by Waleh [29] shows that the spin density of this electron can
concentrate at Fe or a* NO depending on very slight changes in the Fe-Ne distance and
in the bond angles.

It is probably fair to say that one is close to the limit of the information which EPR can
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provide about HbNO. This is due, in part to the limits on the resolution of the observed
lines. Their line widths is determined principally by hyperfine interactions of the electron
not only with the various nitrogens, but also with the large number of protons in the
close neighborhood of iron. For that reason it is of great interest to see that progress is
being made in a variant of EPR tecnhique-ENDOR [30, 31]. This technique combines
the electron paramagnetic resonance and nuclear magnetic resonance with a very large
improvement in resolution, allowing so to say to look inside of the EPR spectra. Since
ENDOR is not a simple technique, it has so far not been used extensively. Recent papers
show a further and still more detailed elucidation of the events occurring around the heme
iron in HbNO [32, 34]. In principle the distances between iron and the ligand, as well as
between iron and other nitrogens and protons can be obtained and very small changes in
these quantities can be observed.

We have restricted ourselves in this paper exclusively to provide some high lights of the
EPR research in HbNO which occurred over the years. This work required always results
of other investigations, using other techniques which there was no room to mention. In
effect the research in biophysics requires an ever increasing cooperation between different
specialists dominating various techniques.
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Figure Captions
Fig. 1 - Quaternary structure of hemoglobin. Four polypeptide chains and four hemes

can be seen (from ref. 1, fig. 1.15).

Fig. 2 - The heme group with a ligand (sphere) and proximal and distal histidines.

Fig. 3 - The heme environment. W represents the ligand. Various amino acids are
indicated. This section corresponds to a helical portion of myoglobin (from ref. 1,
fig. 2.9).

Fig. 4 - The location of the heme planes in hemoglobin with respect to the crystallo-
graphic axes, (from ref. 8, fig. 10).

Fig. 5 - The EPR spectra of the hybrids aNO0* and a*pNO (from ref. 15, fig. 3).

Fig. 6 - Model of the equilibrium of two species (from ref. 22, fig. 7).

Fig. 7 - Structure and conformational energy landscape of MbCO. Observe the three
substates Ao, Ai,A3 corresponding to three orientation of CO with respect to the
heme (from ref. 16, fig. 1)
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Fig- 1
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Fig. 3
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Fig. 4
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