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ABSTRACT. A short outline of the fundamentals of electron paramagnetic
resonance (EPR) is presented and is followed by examples of the
application of EPR to biology. These include use of spin labels, as
well as of ENDOR principally to problems of heme proteins, photosynthesis
and lipids.

RESUMO. EaM=apEBBntaria>-um resumo de fundamentos da ressonância paramagnetica eletrônica (EPR). Em seguida discute-se aplicações de EPR a problemas biológicos. Estes incluem a utilização de marcadores de spins e da
técnica ENDOR a problemas de proteinas de heme, fotosslntese e lipldios.
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1. INTRODUCTION
Electron paramagnetic resonance (EPR), also called
electron spin resonance (ESR) is a technique which can be
applied to systems such as atoms, molecules in liquid or
solid state, or crystals, which possess an angular momentum
due to unpaired electron spin. Such systems are called
paramagnetic. The simplest paramagnetic atom is hydrogen,
and the simplest molecule is H 2 .
In general EPR spectroscopy is useful in
1) Free radicals
2) Transition metal ions with adequate 3d electron
distribution
3) Rare earth ions
4) Defects in solids (color centers, semiconductors,
etc.)
5) Molecules with triplet states (two coupled
electrons)
In biological systems one observes EPR principally
in the first two cases.
A similar technique can be used for observation of
nuclear magnetic resonance (NMR) in nuclei whose spin is non
zero (H1, C 1 3 , etc.). While the principles of NMR are similar
-3
to EPR, the small magnetic moments of the nuclei (about 10
that of electrons) call for a considerably different experimental
approach in the two cases. The two types of resonances yield
different information and are in many cases complementary.
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2. FUNDAMENTALS OF EPR
We are going to sketch only the principles of the
EPR spectroscopy since Dr, Farach in his lectures will give
considerable details of the theory.
An angular momentum has a magnetic dipole moment u
associated to it. The angular momentum can be due to spin, S,
or to orbital motion, L. In the case of a spin angular momentum
one has:

v • gee 3 = T hi
where g
(g

%

u)

is the spectroscopy splitting factor for free electron

= 2.0023), 6 is the Bohr magneton = en/2mc = 0.9273 < 10" °

ergs/gauss, S = 1/2 for a single electron, and y = ~j—
An important contribution of quantum mechanics was
to postulate that in the presence of a magnetic field H , only
certain orientations of the angular momentum with respect to the
orientation of the field, are allowed. The resulting magnetic
energy for the spin angular momentum S, is:
w

where m

• -w-S„ = 9 0 ^-H rt = go0m H
o
e
o
e s o

(2)

= ± 1/2 is the quantum number which corresponds to the

only two allowed orientations of S with respect to H . Eq.C2)
predicts the existence of electrons with two different energies,
namely:
W = 1/2 g ô PH o
and

C3>
W = -1/2 g e »H 0
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Electron paramagnetic resonance (EPR) is the
technique which introduces transitions between such energy
levels. This was first observed by Zavoisky in 1945

. In

the same year nuclear magnetic resonance was first observed.
They are both spectroscopic techniques employed today in
physics, chemistry, biology, medicine, archeology, etc. In
this course we will concontrate on the biological applications
of EPR.
The difference of energy between the two levels of
eq.t3) ts:
AW = g e 6H Q

141

When properly irradiated with an electromagnetic field at
frequency v one observes transitions when:
AW = hv

(fig.l)

(51

The total population of the electrons divides itself
between these two energy levels according to Boltzmann
statistics. If N

represents the concentration of electrons

with spin down, or opposite to the magnetic field direction,
and N = N. + N, is the total concentration of electrons, we
have:
N+
expC-W+/kT)
"N" expMT + /kT) +expC-W/kT)
Call n - N

(61

~ N., the difference of the two populations;

application of electromagnetic radiation at frequency v
(.eq«C51l will introduce transitions between the two levels,
and n will vary with time;
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dt
dn/dt)

dt'v

dt'latt

u>

corresponds to the transitions induced by the

electromagnetic microwave field v, and dn/dt). . . to the
transitions due to interactions between electrons and the
lattice. We use the word lattice loosely, because this term
describes the behavior of electrons in solids as well as in
liquids. We call the electromagnetic, microwave transitions,
because eg. (.5) is satisfied typically for an applied field
of about 3000 gauss, which for the value of g i< 2 requires
of the order of 9000 MHz - the microwave region.
The microwave transitions are introduced with the
probability P(* -*• +) = P(* •*• t) = P, because the matrix
elements for the transition up are equal to those for the
transitions down:
(t|V|+)2 = U|V|t) 2

18)

Hence;
dN.

dN.

&>„ = -d - ~d * P(N* - V - PiN+ - V - "2Pn

(9)

The lattice induced transitions can be described as:

SS)

. _J!

dt'latt

Tj

(10)
uu

'

where nD i s the equilibrium value of n, and Tj i s called the
s p i n - l a t t i c e relaxation time.
Eq. (7) becomes:

6

ri rt

Since in the steady state -jr = 0, we get
n = n

(12)

« nnPTi

We see that n-*0 if PTi >» 1, or P >> 1/Tj. For such condition
the electromagnetic field introduces transitions at a high
rate, and the relaxation processes are unable to restore
equilibrium. n=0 implies that the populations in the two levels
become equal. Since an excess of population in the lower levels
is necessary in order to obtain net absorption of energy, and to
observe the resonance lines, n=0 means that no absorption will
be observed. Such a condition is called saturation.
The macroscopic magnetization, due to N non-interacting
electrons is

« SM
M

- 2

lN

*

*•'

2

N

N

+ IT

2
l

+

_ g&H
e kT

UJ)

approximating for gpH/kT << 1:
,2 fl 2i

• •-"a?

»«

we obtained the Curie law for S = 1/2.
We should generalize the previous equations to a
case where the electrons possess also an orbital angular
momentum L. An important point appears however immediately.
12)

It is found

that in solids or liquids, the electrostatic

interactions of the resonating electrons with the crystal
field "quench" the contribution of the orbital angular momentum.
The expectation values of the angular momentum such as;
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p

z*i

*l

iLzpi

dxdvdz

are all zero. If this quenching were complete, all the
electrons, no matter what the solid or liquid, would always
satisfy eq. (51 with a free- electron g-value (g = 2.0023) .
Fortunately a part of the quenched momentum is "unquenched"
when looked at in more detail. A perturbation calculation
taking under account the excited energy states 1 gives1(3):

*1J - *.«ij "

2X

<*alL i l* jl ? i <* 1 ll» i l + o >

I

V-B.

U5)

X is the spin-orbit coupling constant and 5.. is the Kronecker
delta («±. - 1 if i=j and =0 if i^j); *o and ^

are the wave

functions of the electron in the ground and excited levels.
This effect of the orbital motion of the electron felt by
its spin through spin-orbit coupling is responsible for the
deviation of the g-value from the free electron spin value.
This leads to a formalism called "effective spin
Hamiltonian". Briefly, the spin-orbit coupling CL.S) through
first order perturbation mixes the ground state wave functions
with excited states. The corrected wave functions are no longer
eigenstates of the true spin. A fictitious spin is thus defined
such that it acts on the corrected wave functions in the same
way in which the true spin acts

on the ground state wave

functions.
We can write a Hamiltonian for the magnetic interaction
in a rigorous way as;
^

= &H.L + g 6H,S

,

(16)
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where g

= 2*0023, or ijn the "effective spin Hamiltonian"

fashion, as;

«1= gH.g.S

(17)

g in the latter formulation is a tensor, while g

is isotropic.

In the laboratory system, with axes x, y, z and the magnetic
field pointing along the z axis, the effective spin Hamiltonian
becomes:
U =

BHtg2XSx + g z y S y + g z2 S z )

(.18)

We can also define a molecular axis system lp,g,r) where the g
tensor is diagonal. He then have;
"^k
S r)'
uv- z =B(g
^ppHpS p + g*gqHqS g + g* r rHr-"
with H , H

and H

J
^119)
-

components of H in the molecular axis system.

If we orient the molecule with one of these three directions
parallel to the field direction at constant frequency, the
resonance condition will be satisfied at the following values
of the magnetic field:
hv

hv

9

PP* ' W

hv

C201

' 9*r*

For an arbitrary orientation of the molecule, the field at
resonance is given by:
H = -í^-r
9
eff P

with g f i f f » te|pl2 + ç , q q m 2 + 9 rr n2 * w n e r e l ' m ' n
direction cosines of & in tbe molecular system.

C211
a]Ce

the
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Hyperfine Interactions
The electron spin interacts not only with the applied
magnetic field H 0 , but with magnetic fields, of internal origin.
The most important of these interactions takes place between
the electron spin and the magnetic moment of the nucleus. The
Hamiltonian which describes this hyperfine interaction is

% -. ^ ^

| <í.8)r»- 3 <!.?)(!.8) .. 8*t

J

i(?)

t22)

The first term describes the electron-nuclear dipole-dipole
interaction, the second one is called the Fermi contact
interaction. The first term averages to zero for the spherically
symmetric distribution of s electrons. He will in general be
more interested in the isotropic Fermi contact term which can
be conveniently written as;
= A I.i

C23)

with A = -y g e g N $P N |«(0)| 2 . Only the s-electrons with a non
vanishing probability of being at the nucleus contribute to
this term ( H O ) 2 * 0 ) .
In the principal axis system of the molecule this
interaction yields:

*R~

=

V^ 1 ^

+

pp p p

A

nn1LnSn

qq q q

+

KrKSr

(24

>

rr r r

The energies, W_£ due to A I . 3 term are;
W h f = Amjmg

(.25)
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and the combined energy due to the eq.(17) and hyperflne term
is
W « gBHQms + Ajn^j - g ^ u ^

C26)

where we included also the energy of interaction of the nuclei
of spin I with the applied field. g N is the nuclear g factor,
0 , the nuclear magneton = efi/2Mc, where M is tha proton mass.
Since M -v 1800 *»el» the nuclear Zeeroan energy is only a small
fraction of the electronic Zeeman term.
As an example consider the hydrogen atom (S = 1/2 and
X - 1/2). The energy level diagram corresponding to eq.(26) will
have approximately the form shown in Fig.2.
In Pig.2#(al represents the situation for an atom with
no nuclear spin, and (b) for an atom with nuclear spin I = 1/2.
Only the allowed transitions which correspond to Amg - ±1 and
Anij = 0 are indicated.
In the approximation in which, we neglect the small last
term, we obtain the energy differences corresponding to the
allowed transitions:
AW - g8Ha + Amx

C271

For a spin I we get 21+1 transitions for the 21+1 values of nu.
The splitting between the levels m_ - +1/2 and m_ = -1/2 in
Pig.2 is three orders of magnitude smaller than the Zeeman
splitting in (a).
The actual EPR spectrum in the previous example is
shown in fig. 3. The two lines are separated by A and the center
of the pattern corresponds to the value of g. The experiments
can

be performed at fixed frequency v and variablae field, or
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vice versa. For technical reasons, the former is preferred.
In oriented crystals g and Ã will be both tensors
and the transitions occur at;
hv = 9 e f f 6Ho + A ^ n ^

(28)

where g f f and A - - have the form indicated in eq.(21).

Interaction of Two Electrons
If a molecule possesses two unpaired electrons, the
quantum mechanical rules of spin addition lead to two resulting
states: S=0 and S=l. The latter state, a triplet, will have
three allowed orientations in the magnetic field, corresponding
to m„ = 1, 0 and -1. According to Hund rule the triplet should
have the lower energy. This is the case in oxygen molecule.
One has also to consider the interaction between the
two electron spins considered as dipoles in a way similar to
eq.(22). This interaction, independent of H, can be included
in the spin Hamiltonian as a term:
OV. » s.B.S

(29)

and gives rise to a splitting of energy levels. Introducing the
parameters:

xx + yy

D
D

2Z

D

and

E =

xx

-

2

- D

.. yy

we find

*JL= D «5* - 2/3) + E(S£ - S2)

(30)
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The first term gives the positions of the split triplet lines
at energies of i 1/3D and -2/3D, with the separation of D,
called zero field splitting. The E term influences the spectrum
only in non-axial cases (x and y non equivalent) .
Two allowed transitions at Am_ - ±1 may be observed
(fig.4). Frequently a forbidden transition at Amg = ±2 is also
seen.
Effects due to interaction of pairs of electrons on
neighboring sites can also be observed. They also give rise to
singlet and triplet states and are separated by exchange energy J.

ENDOR
An extremely useful technique has been introduced by
Feher

CO
' and is called the electron-nuclear double resonance,

or ENDOR for short. It involves, as the name implies, a
combination of electron and nuclear resonances.
Let us envisage a solid or a liquid which contains a
reasonably low concentration of non interacting paramagnetic
centers. Let us also assume that the atomic nuclei have a nonzero spin. For simplicity we consider I = 1/2.
We have shown in the previous section that the
electronic energy of such a system is:

w = g&H 0 m s + AmgTOj. - gj^HaTOj

(3D

with m g - ±1/2 and nij = ±1/2.
The normal EPR transitions, correspond to am. = ±1
and Am. = 0, We have seen that for a proper combination of
microwave power and relaxation time, these transitions can be
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saturated (eq*M2)i, Under these conditions the EPR lines hvj
and hv 2 decrease in amplitude. A complete, saturation implies
no observed lines (ji=0 in eq.(l2)).
We now apply a nuclear frequency corresponding to
Am

= ±1, &ms = 0; transitions will occur at frequencies (Pig.5):

K * | 1 A * «•V» |

t32

>

where + corresponds to transition 3 +-»• 4 and - to 1 •+ 2. The
inclusion of nuclear Zeeroan term in Eq.(3) produces hv

j* hv~ .

As a consequence we "desaturate" the EPR lines and
the EPR signal reappears at hv

frequencies. Since Am. = 0

during the application of the nuclear frequency, the first term
of eq.(31) does not contribute to the line width, and the ENDOR
lines are about 1000 times narrower than the EPR lines.
The ENDOR method is particularly useful when the EPR
hyperfine lines are not resolved. Frequently, the observed line
is an envelope of the hyperfine lines (Fig.6). Such EPR lines
are called "inhomogeneously broadened". ENDOR can be applied in
such situations. In Fig.6 we indicate an inhomogeneously broadened
EPR line due to a superposition of several closely spaced lines
(for instance in the case of large values of I ) .
He saturate the EPR transition corresponding to, let
us say, transition 3. Application of nuclear frequency corresponding
to Av,* or *Vo-3 w m

Produce a de-saturation of the EPR

transition 3 in a fashion sinilar to that described above.
Information is thus obtained about hyperfine lines not normally
resolved.
Not very many applications of ENDOR to biological
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systems have been reported so far, because of technical
problems. Frequently the microwave power necessary for
saturation is excessively high. While the EPR spectrometers
can be either home made or purchased commercially, the addition
of ENDOR greatly increases' the sophistication of the home made
spectrometers and pratically eliminates their commercial
availability.

3. HEMOGLOBINS
A very small fraction of the thousands of existing
proteins possesses paramagnetic ions incorporated into their
structure. We will discuss here particularly hemoglobin, a
member of the group of heme proteins, all of which contain iron
ions as a permanent part of their structure. Myoglobin and
cytochromes also belong to this group. There exist other iron
proteins (p. 44) whose iron atoms are not contained in a heme
structure.
The fundamental physiological importante of hemoglobin
lies in its efficient oxygen transport in blood. While many
vertebrates carry hemoglobin dissolved in the plasma, there is
a decisive advantage for having it packaged in the erythrocytes
(red cells) at very high concentrations. If it was not for red
cells, the viscosity of blood would greatly increase, with an
undue stress on the heart.
Other proteins were also utilized for oxygen transport;
hemocyanin, a copper containing protein is still used by moluscs.
Possibly other metals played a role in the oxygen transport
even prior to that.
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WhatroaJteshemoglobin so unique? A large effort
has gone into understanding of the relation between the
structure and the function of this protein. It Is composed
of four polypeptide chains, two a chains and two $ chains,
which differ in the number of amino acid residues and in
their sequence: « chains consist of 141 amino acids and 0
chains of 146 (Fig.7).
There are four iron ions in each molecule, each one
attached to one of the chains and contained in a heme group.
The hemes are attached to a histidine in the position 87 in
o chains, and in position 92 in 0 chains. They are planar
groups, known as porphyrins, with iron in the center of a
rectangle attached to four pyrrole nitrogens (Pig.8).
Perpendicular to the heme plane iron is attached to
another nitrogen, which forms part of a histidine residue.
A sixth coordination position, "above" the iron is the crucial
one, occupied by 0 2 during oxygen transport in blood. While
2+
in the blood iron is always in ferrous (Pe ) state, whether
oxygen is bound (oxyhemoglobin), or not (deoxyhemoglobin).
In vitro this position can be occupied by a variety of small
molecules, such as H20, N3, CN, NO, etc, and iron can also be
in Pe

state. The danger of CO poisoning comes from the strong

bond between Pe and CO with the resulting impossibility of CO
bound hemes to transport O2.
The molecular weight of hemoglobin is about 67000;
of the 1Q000 atoms (C,H,N,OfS) only four e.re irons. Prom the
point of view, of a physicist it is a very fortunate circumstance
that these four atoms are of fundamental importance in 0 2
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transport and that they are, in «any cases paramagnetic, hence
susceptible to the large arsenal of solid state techniques
which proved very succesfull in the last 30 years of studies
oi magnetism.
Myoglobin is closely related to hemoglobin. Its
function is oxygen storage in the muscles. It consists of a
single polypeptide chain, hence contains only one iron and
binds a single 0 2 .
The quaternary structure of hemoglobin describes the
arrangement of the four chains relative to each other. It is
in essence a snapshot of the molecule. Using X-ray diffraction,
Perutz has unravelled this structure

. This truly heroic

achievement took many years. Hemoglobin and myoglobin were the
first two proteins whose structure was obtained in detail. The
overall shape of these proteins is almost spherical (hemoglobin:
o
o
o
50A x 55A x 60A).
The fundamental feature of the oxygen transport by
hemoglobin can be best seen in Fig.9 which shows the oxygen
saturation behavior of hemoglobin and myoglobin as a function of
the partial pressure of oxygen. Zero % saturation means that
no oxygen is bound to any of the irons, while 100% implies that
four 0 2 have bound to hemoglobin irons (or one 0 2 to myoglobin).
The partial pressure of oxygen varies in humans between a high
of 100 mm in the lungs, to a low of about 40 urn (venous pressure).
It can be appreciated that the form of the two curves is quite
different. From the functional point of view myoglobin would be of
no use in oxygen transport, since it would remain almost completely
saturated with oxygen even when going through the tissues where
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oxygen should be released. Hemoglobin of course does much
better. It is interesting to note the large oxygen reserve
that hemoglobin keeps even at 40 mm p0 2 for any emergency,
such as big effort, etc. One of the fundamental problems is
to "explain" this curve, by relating it to some characteristics
of hemoglobin, fie will return to this problem later.
At least two other properties of hemoglobin should be
discussed. One concerns its previously mentioned geometrical
form. It has become gradually evident that a fairly substantial
rearrangement occurs in the relative positions occupied by the
four chains during the oxygenation of hemoglobin (not of
myoglobin). The snapshot of deoxyhemoglobin is not identical
with one of oxyhemoglobin (Fig,10), This change in conformation
can best be appreciated when comparing the distances between
iron atoms in the two forms. The two iron atoms in the 0 chains
o
o
are distant 39.9A in deoxyhemoglobin and 33.4A in oxyhemoglobin.
It is now believed that there exist at least these
two extreme conformations of the molecule, even though more
and more evidence points to the existence of intermediate forms,
of importance in partial oxygenation. This point will also be
discussed when W3 come to experimental data.
The other property which is related to the previous
ones is the electronic structure of hemes. One expects that a
thorough understanding of the electronic structure is necessary
for the understanding of the functional behavior of the hemoglobin .
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4. ELECTRONIC STRUCTURE OF THE HEME
Of particular interest in icon are the outside
electronic shells: d 5 and d 6 for Fe

and Fe

.respectively .Wiile

in free Fe ions the ground state configurations resulting
from these d-electron systems are degenerate, in the presence
of a crystal field this degeneracy is removed. This can be
seen when analyzing the angular part of the wave function of
the d electrons. While a thorough analysis can be best performed
using group theory, we can use in the present case a simple
argument. Fig.11 shows the five orbitais corresponding to the
d electron (orbital momentum 1=2}. Let us consider an octahedral
distribution of ligands along the x, y and z axes, with Fe at
the origin (Fig.12). It is apparent that the three orbitais:
d„ . d , and d_

point between the ligands, while the other

two point straight at the ligands. Since the ligands are negative,
the first three orbitais will have, because of Coulomb repulsion,
a lower (more negative), energy than the other two, This results
in the energy diagram of Fig.13. The lower energy level remains
still three-fold degenerate, the upper one-two-fold. These two
energy levels are called t_ and e in group theoretical
*9
g
nomenclature. The separation between then,'A , corresponds to the
strength of the crystal field determined by the nature of the
ligands and their distance from iron atom. When the symmetry
about iron ion is reduced (Fig.12) to tetragonal, the degeneracy,
is also reduced. Further reduction of symmetry leads to a
situation where each orbital has a different energy, the
degeneracy is completely removed.
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The occupation of the energy levels by electrons
has to take under account both the Coulomb interaction anong
the electrons, the strength of the crystal field and the Pauli
principle. The possible distributions for the d 5 case
depend on > (Fig. 13). These distributions are consistent with
the Pauli principle. For the ferrous case (d*) one has the
situations showi in fig. 14.
Calculations have shown that for the d s case the 6 A }
energy level (corresponding to the case (a)) is the grou.1 level
until the crystal field exceeds about' 32000 cm"
A > 32000 cm

. For

the 2 T 2 state (case b)becomes the ground state.

The five d electrons redistribute themselves, and the total
spin changes. A similar energy crossing occurs for the d 6 case.
The crossing occurs for a critical field of about 18500 cm"
(Fig. 15).
Hemoglobins present an interesting and rare case,
where four spin states corresponding to the four cases described
above can be observed. Unfortunately only two of them corresponding
to ferric ion, can be observed by EPR. In the ferrous case of
S=2 paramagnetic resonance has so far not been observed. The
S=0 case being diamagnetic can only be studies by different
techniques (particularly Mossbauer spectroscopy)
Only the ligand in the sixth position is susceptible
to manipulation. It is an easy matter to produce a ferric, high
spin (S = 5/2), met-hemoglobin with a water molecule in the sixth
position, CN-hemoglobin (ferric, low spin), etc. The physiologically
2+

important forms are oxygemoglobin (Fe ., S=0), and deoxyhemoglobin
(Fe2+, S=2).
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Let us now examine more closely the high spin ferric
hemoglobin. We have seen (eq.(30)l that in the absence of
applied magnetic field in systems with more than one electron
the spin Hamiltonian contains a zero field splitting term,
which can be written as:
^ =

DtS| - 1/3S(S+D) + EtSj - S*)

(33)

Since the symmetry about iron is almost axial, the last term
drops out, but the first one gives rise to three levels which,
in the presence of the magnetic field are further split (Fig.16).
EPR transition can be induced between the two lowest lying
levels corresponding to S = ±1/2. This transition is highly
anisotropic. With the magnetic field pointing in the z direction
(perpendicular to the heme plane) g«2, with the field lying in
the plane of the heme, g=6 (Pig.16).

5. ORIENTATION OF THE HEME PLANES IN HEMOGLOBIN
We will start by describing what became a classical
experiment in the EPR related to biology. It dates back to 1956
and concerns the determination of the orientation of the heme
planes in hemoglobin crystals

'. While x-ray diffraction gives

information about the atomic coordinates in hemoglobin

, the

resolution is not sufficient to indicate the relative angles
between the four heme planes. The EPR experiment takes advantage
of the large anisotropy of the g-value described in the last
section. In principle it would be sufficient to find experimentally
the crystallographic orientations at which g equals 2.0; these
orientations correspond to normals to the heme planes.
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The protein crystals are quite difficult to grow.
It is a big disappointment for solid state physicists who
become interested in proteins to discover that crystals of
1 or 2 am length are considered to be quite large. Ingram
used horse hemoglobin crystals which are monoclinic with two
molecules per unit cell. The orientation of these two molecules
is however the same. Fig.17 shows the variation of g values as
a function of the angle between the magnetic field and the
crystalline a axis. The magnetic field is rotated in the (001)
plane of the crystal. Since the symmetry is axial (g =g =6,
x y
g = 2 ) , one expects at any angle 8 between the axis of symnetry
and the magnetic field to have (Fig.18):
g 2 » g 2 cos2e + g2 sin26
*

2

(34)

X

We see in the Fig. 17 that two curves reach minimum value of
g=2 while the other two have a minimum of g=2.55, which
corresponds to an angle of 16° with the (001) plane. The crystals
were then mounted in (110) plane. A series of measurements, all
at liquid hydrogen temperatures, yielded the results described
in Table 1.
Table 1
Angles between normals to the hemes and crystallographic axes.
a

b

c*

c

Hemes I and II

1 32°

± 58°

± 90°

t 108°

Hemes III and IV

± 36°

± 57°

±77°

±

95°
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Knowing the heme orientations with respect to the crystal
axes it is possible to convert them into orientations with
respect to molecular axes. Fig.7 shows that hemoglobin molecule
possesses a two-fold axis of symmetry - X axis. A 180° rotation
about this axis replaces a\ chain by a2 and vice versa, the
same for I chains. In order for the X axis to be a real axis
of symmetry it is necessary that the heme planes in the two
o chains make identical angles with respect to this symmetry
axis. The same goes for the 0 chains. The results of the EPR
experiment insures that this is the case. It is interesting to
note in Fig.7 that the y axis is not a good axis of symmetry
since it transforms, on 180° rotation, <* chains into P chains,
and vice versa. It is a "pseudo-symmetry axis".

6. SPIN LABELS
Labeling techniques in biology have been used for a
long time. The best known one is probably the fluorescent
labeling of proteins. Labeling with radioactive isotopes has
also been extremely popular and extensively used.
A more recently used method involves paramagnetic
labels, first employed in 1965. An introduction of a small,
paramagnetic molecule into a biological molecule is useful,
because the great majority of proteins as well as lipids,
nucleic acids, etc. is in normal condition diamagnetic.
In principle, any paramagnetic ion could be used as
a label. In practive however a family of nitroxides has been
used as such;(Fig.19). In order to see the reason for their
use we have to ask ourselves what characteristics of their
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EPR spectra axe useful in providing information of biological
interest. We also have to ascertain whether a labeled molecule
is not perturbed in its normal function.
We will briefly describe the EPR characteristics of
spin labels and proceed to give some examples of their use
in proteins and membranes. The literature concerning the
synthesis of the labels» their use and the often sophisticated
theoretical background is quite ample

.

A typical spin label is shown in Pig.19, Rj and R2
represent different groups. The labels bind to the molecule
via the R groups. The binding can be covalent, as in many
proteins, or non-covalent. The latter occurs for instance when
the structure of the label is very similar to that of the
component in the biomolecule which it replaces.
The nitroxide labels are free radicals whose unpaired
electron resides principally in the 2p* orbital of the nitrogen
(Fig.20).
Since the nuclear spin of nitrogen, is I, the
Hamiltonian of such a nitroxide will be:

*JÍC= BH.g.S + fiS.Ã.I - 9„P N I.H

C35)

mm

with g and A tensors. In the principal axes system of the
figure, neglecting the small last term (the nuclear Zeeman
interaction) we obtain:

(we dispense with the double indices, since we will be
concerned with diagonal terms only).
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We can now envisage two limits. If the label rotates
rapidly in a solution, both the g and A components of the
tensor average out and the Hamiltonian becomes;

íg098 + nA 0 25

*

with g 0 = 1/3 (g

+ g

(37)

+ g r ) and A 0 « 1/3 (A

+ A

+ A r ) . The

resulting energy levels will be at:
W

- Í90«SH + AoWjWg

(38)

This U n i t occurs if the tumbling (rotation) of the
molecule is faster than

Aw

(g -g )
A -A
where A» = — E — S _ pn or A» = - = — a fi

n

Since the experimentally obtained parameters for a
typical spin label are:

g„ • 2.0089
P

A

g„ • 2.0061
9

A„ • 15.7 MH2
q

g r - 2.0027

A r • 89.6 MHz

P

= 19.9 MHz

—q

one obtains T •= 1/Au * 5.10

sec.

How does this compare to actual bumbling time?
A spherical molecule tumbles through approximately a radian in
* This is approximately the time it takes the molecule to rotate
from p to q direction.
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a time T

called correlation time first given by Debye:

C

'

where

.

-

<39>

^

n. = viscosity in poise
a = radius of the molecule
T = absolute temperature
k - Boltzmann constant
—2

For a nitroxide in water, at room temperature n = 10
a « 3A , hence T * 10~
c

poise,

sec. In this situation T is much
c

shorter than T = 1/Au, the averaging condition is satisfied
and a simple three line spectrum is observed (Fig.21, eq.(38)).
(9)

The lines are motionally narrowed'

from a line width of AM

which they would have in a solid sample, to
Aw

=

(Au) (AOJ.T )

m

(40)

c

This narrowing will persist as long as AW.T << 1.
The separation between the individual lines is equal
to A 0 and the center of the spectrum gives go.
-9

It can be shown however that as long as T

< 5.10

sec. differences in line widths of the three hyperfine lines
start taking place. The amplitudes of the lines become uneven
and one can calculate i

ME
(m)
/h(m)

from an expression*

. 1 _ _-£
/3 Av(0)w

(CjB + C 2 m 2 )

'
(41)

where h(m) are the amplitudes of lines which correspond to
m=l, 0 and -1, and Av (0) is the width of the central line.
Ci and C2 are:
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C
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lA

r

V

In a viscous solvent (n. = 5 - 10 poise), or at lower
temperature, the correlation time becomes longer thah-:5.10~ .
Introduction of the spin label into an average size protein
o
—9
(a - 20A) can also produce t > 5.10
sec.
c
The spectrum starts distorting and for long T 'S
corresponds to an "immobilized spectrum" shown in Fig.22. This
is a spectrum, due to nitroxide labels fixed in random orientations. Such spectra can be observed at liquid nitrogen
temperatures.
Other situations correspond to spin labels preferentially
oriented with respect to magnetic field. The correlation times
cannot frequently be described by a single number, as in
anisotropic tumbling. One can then describe these situations by
two different correlation times for two different directions.
Computational methods have been deve lopped to deal with these
(10)
cases

.
In many biologically interesting cases the changes in

the spectra are more important than the precise knowledge of the
magnitude of the correlation times.
We will give two examples of the application of spin
labels to biology.
Hemoglobin
In order to study changes in confirmation of hemoglobin,
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several experiments with spin labels have been performed.
Spin labels, such as N-ethyl-maleimide (Fig.23), iodoaceta
mide, bind covalently to hemoglobin at the position fl-93 .
The EPR signals of the spin label inserted into oxy
and deoxyhemoglobin are slightly different

' (Fig.24).Gradually

deoxygenating gradually a labeled oxyhemoglobin solution, it is possible
to decompose the observed signal into two: one due to totally
oxygenated and the other to deoxy hemoglobin. The authors were
able to show that a linear relation existed between the fraction
of spin labels in oxygenated form and the extent of oxygenation
monitored by optical absorption*.
This result could be interpreted according to two
(12)

principal models. Monod et al.

' postulated a two state model

with an equilibrium between two states (T and R) characterized
by a constant L=T/R. The molecules can bind oxygen while in
either state. The affinity of oxygen is expressed by two
dissociation constants K_ and K

(C =

K
R

/ K T ) • A choice of L and

C determines the fit to the experimentally observed oxygenation
curve.
A different theory is called "symmetry breaking"

(13)
.

In one of its forms it considers that each subunit (polypeptide
chain) can exist in 2 forms corresponding to oxy and deoxy hemes.
On binding oxygen the subunit changes its conformation. A totally
oxygenated hemoglobin corresponds therefore to a different
quaternary conformation than deoxyhemoglobin. Both models agree
* It has been checked that the insertion of the spin label had a '
relatively small influence on the process of cooperativity. "
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as to the existence of two conformations as limiting cases,
but

the intermediate situations differ. According to the

symmetry breaking model, one should observe a change in each
subunit for each molecule of the 0 2 ligand. In Honod's model
this proportionality does not exist. The experimental result is
consistent with the symmetry breaking model.
The effect observed in this experiment was small.
More recently an interesting new hemoglobin spin label came
into use

. Nitrosyl (NO) binds to the hemes, and since NO is

a close analog to O2 but is paramagnetic, it constitutes a very
useful system. One should recall that oxyhemoglobin is dianagnetic,
and deoxyhemoglobin even though paramagnetic (S=2), does not
show EPR transitions.
NO has been used to further investigate the .conformational
transitions*

. Hemoglobin marked to a slight extent with NO

(such that statistically at most one heme per hemoglobin is
marked) is in deoxy I conformation, when saturated with NO
(4 NO/molecule) it is in deoocy T conformation. The EPR signals
corresponding to the two situations are quite different because
NO senses strongly the quaternary changes in the protein (fig.25,
25.a). The influence of the quaternary structure on the NO
signal can also be observed when a slightly labelled NO-Hb is
oxygenated. Adding progressively one, two and three O2 molecules
one produces a hybrid hemoglobin in which one heme is marked with
NO and n hemes (n=l,2,3) are marked with 0 2 . Gradual changes in
the EPR spectrum of NO marked hemoglobin have been observed in
both cases (saturating with O2 or N O ) , thus the transition from
T to R conformation has been followed. It has also been observed
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that the labeled o subunits give a different EPR signal than
the P subunits, while 6 subunits give an identical signal in
either conformation

'.

Signal from the <*v subunits is different in T and in
R conformation. This is one of several indications that the
subunits are not equivalent. These differences in the individual
subunits

allow to fit the observed spectra of titrated

hemoglobin by a linear combination of a_, a and £ contributions.
The validity of the two state model can be checked and the
parameters of the Monod model can be obtained. The comparison
of the results of NO and 0 2 titration indicates that the R
states are not identical in the two cases. Such a dependence of
the R state on the nature of the ligand is not included in the
Monod model, but

has also been observed recently in X-ray

diffraction experiments

-.

Spin Label in Lipid Systems
Lipids are the principal components of all the
existing membranes. A membrane model has gradually emerged,
showing that they are composed of a bilayer of phospholipids
with intercaled proteins (Fig.26). These structures can be
studies both in model systems (model membranes) and in natural
membranes, frequently in the form of vessicles.
In either case the polar extremity of the phospholipids
(the "heads") point to the surface of the membranes and are in
contact with the solvent. The hydrophobic, long chains of lipids
hide inside the bilayer, away from water.
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These structures are not rigid. There exists a fair
amount of flexibility, as well as motion in the chains.
Spin labels have been designed to mimic the normally
diamagnetic lipids (Fig.27). In I the paramagnetic N-O group
can be inserted at selected distances from the polar head.
Anisotropy in the EPR spectra is expected, depending on the
orientation of the applied magnetic field with respect to the
surface of the membrane. Perpendicular to the surface H will
be approximately perpendicular to the r axis (Fig.20). When H
is parallel to the surface it should lie approximately parallel
to the r axis.

The situation is not that simple because the

lipid is not a rigid structure, and rotates about its long
axis of the lipid. One would expect that A

and A„ as well as
P
<I

g and g will average.
P
<3
Single crystal data are well described by the simple
Hamiltonian:
• & * g*HS r

+

ArrSrIr

+

AprSrIr

+

AqrSrIr

(43)

where z is the direction of the magnetic field (p,q,r are axes
of the laboratory coordinate system). In the case of rapid
motion one has to use spatial averages for g and A because of
fluctuations of the angles between the axis of NO and the
laboratory coordinates.
9 = 1/3 tepp + 9 q q + g r r ) / similarly for A.
The immobilized and randomly oriented spin labels
give spectra which are a, superposition of oriented ones(Fig.28).
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Flexibility
An useful parameter to describe the behavior of spin
labels in membranes (also used in liquid crystals) is the order
parameter S defined as:
S = 1/2 < 3 cos2e-l>
where 9 is a time dependent angle between the label's r axis
(Fig.27) and the principal axis of the molecule (the long axis
of the rigid lipid). The average is taken over the time
x - 1/(A -A^), or pfi/(g -g ) . In order to use the concept of
S, the correlation times of the motion, T , have to be shorter
than T.
Marking with the spin label at different positions n,
corresponding to different distances from the polar head, it
was observed that the order parameter gradually decreases as
(17)

the distance increases* '(Fig.29).
To obtain S from the EPR spectra a procedure has been
(181
developed by H. Griffith ft P.C. Jost'

'. One measures the

changes in the experimentally obtained distances 2A

which

are a measure of S. The experiment can be performed on randomly
oriented samples.
The results indicate that the flexibility of the
lipids increases away from the surface, as indicated by the
decreases in the value of S. A totally flexible chain would
give S=0.
Lateral Diffusion
The exchange of positions among individual lipids
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while remaining perpendicular to the membrane surface is called
lateral diffusion.
The rate of diffusion has been first measured by
(l o)

McConnell

. For this purpose he used a concentrated spot of

spin labelled phospholipids inserted into the sample. Due to
the proximity of individual spin labels, effects due to
electron-electron interaction are observed and should be included
in the Harailtonian as two extra times; <K, and^\_, representing
electron-electron exchange, and dipole interaction respectively.
They produce broadening of the lines, which decreases with time
as the spin label concentration decreases.
One can actually compare the observed spectra with a
set of reference spectra obtained at various concentrations of
spin labels, and deduce the diffusion coefficient. The latter is
of the order of 10

cm2/sec, at room temperature indicating

that the chain performs a few jumps per second. One can hardly
think of the membrane as a rigid structure.
Polarity Effects
The solvents have an effect on the A and g values of
the nitroxides. This has been noticed, comparing the spectra
of nitroxides in water and in hydrocarbons.
The effect is due to a difference in the distribution
of the electronic wave function which can be more (or less)
concentrated on the nitrogen atom changing the value of the
splitting constant JL.. Since JL. « Q„PN where (L is a constant
and p„ is the n electron density of nitrogen, one hast
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where E x is the electric field along NO axis. Since
C - 1.5.* 10" 9 cm/V and Q N = 20 G ( 2 0 >

a field of 10 7 V/cm can

produce a shift of a few tenths of a Gauss in the value of A...
The actual origins of the electric field are many
fold (hydrogen bonds, van der Waals interactions, etc.).
Experiments have been performed in which shifts in
the hyperfine constant JL. have been measured as a function of
the distance of the spin'label from the polar head, yielding
data about the penetration of water into biological membranes.
Hydration effects are observed at the C-5 position, but disappear
at the C-12 position. Hence, the bilayer is dehydrated in the
o
o
central 20 - 30 A, and variably hydrated in the outer 30 A of
either side.

Membrane Proteins
The membrane structure contains also proteins. Some
of them seem to make contact with the membrane surface, others
penetrate into the bilayer. It is of course interesting to
know what the role of these proteins exactly is. This is not yet
understood. The influence of these proteins on the lipids has
(21)
however been investigated

. Careful analysis of the spin

labeled membranes has shown that there are two components to
the spectra, one corresponding to the previously discussed fluid
lipids, and another one which corresponds to considerably more
immobilized lipids*.The immobilized fraction is considerable,
* This second fraction is assumed to be due to lipids which are
in contact with the proteins, and become much more rigid.
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about 0.2 mg of phospholipids per mg of protein, which is not
negligible, since the protein concentration is often quite
large.
The normally observed increase of flexibility of the
lipid chains away from the surface does not take place in the
lipids in contact with the proteins.

7. ENDOR
Endor in Hemoglobins
Since we have been discussing application of EPR to
hemoglobin, it seems suited to choose an application of ENDOR
(22)

to the same molecules. This has been first reported by Feher*

'

and our description follows the reference.
The structure of heme is given in Fig,8. Since in
hemoglobin only hemes are paramagnetic, EPR, and in consequence
ENDOR will probe their neighbourhood. Five of the six nearest
neighbours of iron are nitrogen atoms. An useful form of
hemoglobin for this study is the paramagnetic, met-hemoglobin,
where the sixth ligand position is water molecule. The resulting
complex is high spin (S = 5/2) ferric (Fig.13). The crystal
field splits the six fold degenerate level of a free ion into
±1/2, *3/2 and ±5/2 levels. The ±1/2 level is the lowest lying
one, distant about 10 cm-1 from the ±3/2 level (Fig.16). At
liquid nitrogen temperatures the observed transitions come
mostly from the lowest doublet. In a frozen solution of met
hemoglobin, with molecules occupying random positions with
respect to the magnetic field, two transitions are observed,

A
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at 9=6 and at g=2, the former being at least an order of
magnitude larger than the latter (Fig,18). This is due to the
fact that more of the randomly oriented molecules have their
symmetry axes oriented perpendicular to the applied field
(g=6) than at any other orientation.
The g=6 and g-2 lines do not show any resolved
hyperfine structure even though one could expect that nitrogen
atoms with nuclear spin 1, hydrogens (1-1/2) and the little
abundant Pe 57 isotope should provide such structures. The
hyperfine interactions contribute only to broadening of the
EPR lines. ENDOR experiments are thus very useful in studies of
these hyperfine lines.
One would expect a priori that ENDOR experiments in
Hb (or Mb) would be easier with single crystals than in a frozen
solution. This is not so because saturation of EPR lines is
more difficult in single crystals on account of the spin-spin
interactions which reduce the relaxation time. Those are intermolecular and not intra-molecular interactions. The closest
approach of two hemoglobin molecules can produce an Fe-Fe
o
distance of about 12 A, while within a molecule the distances
are 25 - 40 A.
The spin Hamiltonian state is:
*&= gePSzH + A z I z S 2 - gNf$NHIz + P j l * - § 1(1 + 1) | (47)
we introduced also the quadrupolar interaction (last term)
anticipating the fact that the nuclear spin of nitrogen is 1=1,
and nuclei with spin I > 1/2 possess electric quadrupoles due

»
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to their non-spherical nature which has to be taken under
account.
The energy level diagram for the interaction with
nitrogen is shown in Pig.30.
The resulting EPR spectrum should yield 3 transitions,
but only one is observed. In the ENDOR experiment one saturates
first one of the EPR transitions (for ex. BB* of the g=2
transition).. Applying the nuclear transitions &mT = ±1,
Ant- = 0* Feher has observed the following ENDOR transitions:
B'C*, B'A', BC, and BA. They correspond to frequencies:

hv

END0R

= 1/2 A

2 * V N

H

* P2

{I?i

9-31>

(48)

Actually 8 ENDOR lines have been observed in myoglobin, instead
of the four expected lines (Fig.32).
This is due to the non-equivalence of the 5 nitrogens
(Fig.8). While the four nitrogens in the plane of the heme are
expected to be equivalent, the fifth nitrogen belonging to
histidine F8 is not. Comparing Fig.32 and eq.(48) one observes
that A

is different for the two groups of nitrogen. Since A
z

z

is the measure of l<H?N)I2 at the nitrogen nuclei one obtains
information bout the distribution of the wave function at these
different nitrogens.
ENDOR spectra have similarly been obtained for various
protons, and for F e 5 7 .
The complete hyperfine interaction term(eq.22))
involves also the anisotropic dipolar term. It is possible in
single crystals to separate the contribution from the dipolar '
term from the rest, by varying the angle between the applied

I
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magnetic field and crystal axes. This is useful and yields
information which can be complimentary to X-ray diffraction,
or NMR, concerning positions and distances of nuclei
neighbouring the paramagnetic center.

Photosynthesis
Photosynthesis Is a process which converts the
electromagnetic energy into chemical free energy utilized to
biosynthesize various products by the organisms. Even though
one usually thinks of photosynthesis as belonging exclusively
to the domain of green plants, many bacteria also engage in
photosynthesis. The overall reaction describing the green plant
photosynthesis is:
nC0 2 + nH 2 0 + hv •*• (CH20)

+ n0 2

(49)

while in bacteria C 0 2 is replaced by other carbon sources (i.e.
alcohols), H z O is replaced by H 2 S or H 2 and the whole
(23)

process is simpler than in the plants

'.

Many physicists are interested in the events which
take place immediately after absorption of the photon. The first
step can be described as:
AD + hv + D + A~
where D

(50)

is a free radical formed by light, which gives rise to

an EPR signal. The process of absorption of light and formation
of A

and D

takes place in chromatophores, fragments of

membranes rich in chlorophylls. Chlorophylls are quite similar
to hemes - they are porphyrin like molecules with Mg instead of

^
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Fe at its center. Most of them are engaged in "catching" the
quantum of energy and transporting it to a specialized site,
called trapping chlorophyll where the charge separation
(eq.(50)) takes place. There are approximately 50 times more
light catching than trapping chlorophylls.
The question which we propose to discuss here
corresponds to only one limited aspect of the photosynthetic
process* namely, what difference is there between the two types,
of chlorophylls since they are known to have the same structure
(Fig.33)>.
The first EPR experiments consisted of comparing the
BPR signals from photosynthetic bacteria with those of bacteriochlorophyll oxidized in vitro*, when illuminated they both give
signals at g=2.0026, but there is a difference in EPR line width;
the line is narrower in the bacteria (or in the fraction of the
bacteria which contains the chlorophylls) by a factor of /2.

It

has been immediately suspected that the difference is due to
sharing of the unpaired electron between two bacteriochlorophyll
molecules, which does not occur in vitro.
The unpaired electron is not strictly localized but
spreads over the * system of chlorophyll (Fig.33). In its path
it interacts by hyper fine interaction with a variety of atoms
with nuclear magnetic moments, such as protons and nitrogens.
These interactions broaden the line producing a so called
"inhomogeneously broadened" line. The width of such a line
depends on the strength of the interaction A, and on the number
* We will be talking here of the bacterial system, rather than
green plants, following closely the work of 6. Fehert21*).
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of interacting nuclei N« More exactly the line width is A/if.
If the electron were shared by two identical molecules (a
dimer) N would double, but A would be halved because the
electron would spend only one half of the time on each nucleus.
Hence the ratio of the line width of a monomer to a dimer is:

AJL//VH, = -»
m

d

51 = _ E

A

d**d~

V

2

SL_ = /J

(51)

^ m

EPR results are in agreement with this interpretation. However
in order to confirm it an ENDOR experiment has been performed
on these two systems

.

Let us consider only the interaction of the electron
with protons. The ENDOR lines should appear at nuclear
frequencies:
hv1 = gNeNH ± l/2Ai

(52)

where i represents a group of equivalent protons. The experimental
ENDOR spectra are seen in Fig.34. This figure shows only the
lines of largest amplitudes. Smaller lines at lower frequencies
have also been observed.
The ratio of the splittings which correspond to
^oxid^bacteria

is close

to 0.5. This confirms the expectation

that dimers are responsible for the D

signal in the photo-

synthetic bacteria. The observed hyperfine interactions have
also been related to the structure of the chlorophyll molecules.
Many protons are indicated An Fig.33. However the a, protons
(attached to the carbons of the conjugated system) are known to
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give a large anisotropy. In a. frozen solution (the conditions
of the experiment), these anisotropics would cause a large
broadening of the ENDOR lines because of the anisotropic dipolar
part of the hyperfine inter/action. In a liquid, with molecules
tumbling at fast rate, the dipolar interactions average out.
In single crystals the angular dependence of ENDOR transitions
would give information about the dipolar part of the hyperfine
interactions - the separations between lines of each pair would
vary with angle. In the case of chlorophyll ENDOR has to be
performed at low temperatures, and crystals are not available.
One expects therefore that the observed lines A and B are not
due to a protons.
This leaves the protons which are r.ot attached to the
carbons of the conjugated system. It is possible to selectively
deuterate certain groups of protons in a controlled way, leaving
only CH 3 protons undeuterated. Since the magnetic moment of
deuterium is about 6.5 times less than that of protons,deuteration
should shift the ENDOR lines to lower frequencies. Since the lines
persisted at the frequencies of the undeuterated samples, they
must be due to the two CH3 groups indicated in the Fig.33.
Further experiments have shows that the BB' lines come
from CH3 on ring III, and AA' from CH3 on ring I. The difference
is due to the presence of ring V next to ring III, which breaks
the equivalence of rings I and III.
The equivalence of protons in a methyl group has also
been looked into. At 80°K a single set of lines is observed from
the three methyl protons because CH3 can rotate freely even at
this low temperature. As the temperature is lowered (Fig.35) the
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rotation becomes less effective in averaging out the hyperfine
contribution of these protons, the ENDOR lines broaden and the
details of the spectra are gradually lost. If the rotation of
CH 3 were to stop completely, each of the three protons would
give rise to its own spectrum and the lines would not be
resolved (see lowest temperature spectrum in Fig.35).
With the knowledge of the hyperfine splittins of the
various protons groups it is also possible to return to the
EPR spectra and to calculate the expected line width of EPR line.
*

8. THERMAL EQUILIBRIUM IN HEMOGLOBIN
The ferri-hemoproteins exist normally either in the
low (S=l/2), or high (S=5/2) spin (Pig.13,14). It has been shown
on theoretical grounds that S=3/2 cannot constitute the lowest
(25)

state in these complexes

.

It has been observed in optical absorption, magnetic
susceptibility and EPR experiments that these proteins are often
in a mixture of high and low spin states. In the EPR experiments
met-hanoglcbin below liquid nitrogen temperatures shows clearly two sets of
lines (Fig. 36). The signals at g=6 and g=2 correspond to S=5/2, while
the lines close to g=2 correspond to S=l/2. Magnetic susceptibility
measurements as a function of temperature, show deviations from
Curie law above 140°K

, but can be explained by a mixture of

the high and low spin states. Both results point to á thermal
equilibrium between these two states.
If we indicate by a the concentration of low spin
state, (1-a) is the concentration of high spin state. K - the
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equilibrium constant:
a
K

=

1 - a
(53)

X

total

= a x

L+

C1

-

a)x

H

where xT and x„ are the magnetic susceptibilities of low and
n

JJ

high spin states. The population of these states are proportional
to:
E L exp(-E L /kT) and E H <exp -r E ^ T )

(54)

where E T and E„ are the energies of the two states. Thus
H

1»

E_ exp(-ETAT)
a = -i
±
E H exp(-E f i AT)

(55)

and
K =

(56)
1 + y exp(E H - E L )/kT

where Y - corresponds to degrees of freedom due to spin and
other factors.
The expression for susceptibility then becomes:

total

3kT

and n™ - the effective Bohr magneton number is:
n* = an£ + CI - a)n*
(58)
n2 m
T

nT2

-k

+ 3y exp(x)n£
ÍL
1 + 3y exp(x)

1
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Where x = (EJJ - E L > A T »
This expression « H o w s to fit the data, but with a
proviso that* 2 6 ' 2 7 1 below about 200°Kf the thermal equilibrium
becomes frozen in and does not change as the temperature is
further lowered.
The results indicate that the crystal field in the
heme proteins has a magnitude close to the cross over point
A

in Fig.15. Small perturbations can shift the value of &

slightly in either direction changing the ground state from 6Ai
state to

2

T 2 . The crystal field is determined to a great extent

by the relative position of Fe and the ligands. This is best
o
seen in oxy-deoxy transition. In deoxy-Hb iron lies 0.6 A out
of the heme plane, and the spin is S=2, in oxy hemoglobin the
iron lies in the plane of the heme and S=0. In met-hemoglobin
o
iron is in a mixed spin state and is displaced by 0.3 A, a
distance intermediate between deoxy and oxy. Freezing in of
the spin equilibrium at low temperatures maybe indicative of
the fact that spin transitions do not take place without structural
changes around the heme, and that at low temperature the thermal
energy is not sufficient for such changes to occur.
It becomes gradually clear, without yet being fully
formalized, that a delicate interplay exists between the crystal
field, the entropy, the spin states and the quaternary conformation of the protein.

9. MAGNETIC CLUSTERS
Iron proteins are extremely versatile. They participate in electron transport, storage and transport of molecular
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oxygen, storage and transport of iron, catalysis, etc. It is
of course interesting to unravel the details of the electronis
structure of iron in these proteins with the hope of relating
- - it to their functions.
In order to perform such variable functions, nature
has developed two schemes. One consists of utilizing iron within
the porphyrin structure of the hemes, and the other one in the
form of iron-sulfur proteins.
The iron-sulfur proteins contain usually several
irons per molecule; in the nitrogenâse, an enzyme which helps to
transform N 2 into KH 3 , there are 20 iron ions per molecule.
Sulfur exists in these proteins in a highly labile
form, quite unstable. There are actually two groups of sulfur
ions: those which form part of the amino acids (cysteine and
methionine), and "free" sulfurs. The latter define the sulfur
proteins and are usually present in equal number with the iron
ions.
Iron acts as acceptor and donor, the protein exists
therefore in oxidized and reduced forms. It has been noticed
that the reduced form gives EPR signals, while the oxidized
form does not.
A combination of EPR, magnetic susceptibility and
Mossbauer techniques have lead to a general picture of spin
(28)

coupled iron ions in the iron-sulfur proteins

'.

A pair of atoms with spin S can be coupled by exchange
interacion

'at ±j = -

tf^.S,

(59)
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where, if J > Q the coupling is ferromagnetic (parallel spins),
and if J < 0 - antiferromagnetic (antiparallel spins), Consider
two Fe

high spin (S=5/2) ions coupled antiferromagnetically.

The total spin will be S = 0,1,2,3,4, or 5. S=0 will be the
ground state and the energy levels are as shown in Fig.37.
At very low temperatures the magnetic susceptibility
will be due only to the lowest level, and is zero (Fig.37).
There will also be no EPR absorption. As the temperature
increases the excited states become gradually populated and
paramagnetism appears with increasing temperature. The paramagnetic
behavior depends on the ratio between J and kT (kT at room
temperature is about 200 cm~ ). If one of the irons of the pair
acquires an electron and becomes Fe2+ (S=2), the resulting spins
will be 1/2, 3/2, 5/2, 7/2 and 9/2 (Fig.38).
The ground state is, in this case paramagnetic, hence
one expects EPR and paramagnetic susceptibility which will follow
Curie law if 3J > kT. The experimental results confirm this
analysis. The picture that emerges in the case of, for instance
bacterial ferredoxin, is that of clusters of 4 iron ions antiferromagnetically coupled, bridged by 4 S atoms
of the coupling constant J is between 180 cm

(Fig.39) . The value
and 400 cm

,

and is obtained from the theoretical fit to the susceptibility
data.
Somewhat similar situation exists in copper proteins,
such as laccase or ceruloplasmin. The situation is here more
complicated (or less understood). There exist three types of
Cu

2*

ions in these proteins. Two of them are detectable by EPR,

while the third one is "EPR silent". It is believed that this

\
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latter type of Cu consists of spin coupled pairs (or clusters).
The temperature variation of susceptibility follows the eq.
NP 2 g 2
JcT

2
3 + e

'

which corresponds to two coupled S-l/2 spins, J = 300 cm - .
The presence of spin coupling implies a close
proximity of ions of a pair. In the heme proteins the distances .
between irons are sufficiently large so that no spin coupling
has been observed down to lowest temperatures used (about
0.010°K). The magnetic susceptibility of high spin Fe
hemoglobin follows perfectly well the Curie law down to these
temperatures.
A few words should be said about the amplitudes of
EPR signals in general. A priori they should yield information
equivalent to that obtained from susceptibility measurements,
because both measure the magnetization (N+ - N . ) . EPR is
frequently used to obtain concentrations of paramagnetic centers.
The above examples show that in the case of coupled spins the
EPR measurements will yield wrong results.
Other cause of error can be due to the line width of
the EPR signals. The area of the absorption is proportional to
magnetization. A decrease of the amplitude of line will accompany
an increase in the line width for the same magnetization. The
line width is a measure of the relaxation times. Very short
relaxation times may lead to an unobservably broad line, hence
to errors in the estimatives of the concentrations.
Ions with an even number of electrons also present

\
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problems. While odd number of electron systems gives rise to
degenerate levels in the absence of magnetic field (Kramer's
theorem) and consequently to Zeeman split lines which permit
EPR transitions, the even electron systems may have a ground
level which is non-degenerate in the absence of magnetic field.
This may be the case of F e 2 + (S=2) (Fig.40).
The only allowed transitions (Amg - ±1) are indicated.
But the value of the magnetic field for these transitions
depends on the zero field splitting D. If D is large, it may be
impossible to observe the transitions at any available field.
A word of caution about calculations of paramagnetic
concentrations even when transitions are observed. In order to
calculate N, the signal has to be compared with a standard
sample of a known number of spins. Extreme care has to be taken
when such comparisons are made. This problem is discussed in
Ref .29. It is in general difficult to obtain absolute concentrations
to better than 10%. Standard chemical techniques are in general
better for determination of concentrations.

10. MAGNETIC ANISOTROPY
We will now discuss a topic which is not strictly EPR,
but whose connection to the phenomena of resonance is sufficiently close to warrant this excursion.
The crystal fields present at paramagnetic ions in
liquids and solids are almost always ani&otropic. As a result,
the magnetic moment of the ion due to the spin and a not
completely quenched orbital motion has a magnitude which varies
with the orientation of molecular axes with respect to the
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applied magnetic field. In the formalism of the spin hamiltonian this manifests itself as an anisotropic g-value.
An ensemble of molecules in the presence of magnetic
field H possesses a magnetic energy:
E^ = -M.H

C61)

where M is a macroscopic magnetic moment due to individual
moments.
In the presence of magnetic anisotropy of the
H
susceptibility defined as x = g , we can write:
E M = •= 1/2 VH 2 Ax cOs2e

(62)

where V is the volume of the molecule. Ax the anisotropy of
the susceptibility, defined in the case of axial symmetry as:
AX = XB
with x*

- Xj

C63)

representing the susceptibility along the principal

axis of symmetry of the molecule, and \ l susceptibility along
two axes perpendicular to the first one. e is the angle between
a symmetry axis of the molecule and the direction of the applied
magnetic field. Both paramagnetism and diamagnetism can give
rise to the anisotropy in x» Only the former will interest
us here.
The expression for energy, (61), indicates that a
molecule should orient itself in the applied magnetic field in
a way such that E„ be minimum. The magnetic anisotropy is thus
a necessary condition fox such orientation. But is it sufficient?
The answer is that all depends on the relative magnitudes of this

"I
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energy and of the thermal energy, kT. The orientation in the
magnetic field can be expected only if E

> kT. As it turns

out this is a very stringent requirement.
Let us consider an example, the hemoglobin molecule.
As we have already had a chance to mention met-hemoglobin has
one of the highest paramagnetic anisotropies known. The g-value
is 2 in the axial direction and 6 in the perpendicular direction.
The anisotropy, Ax should be:

(g2 - g?)P2 s(s+i)
AX = X„ - X t =

P 2 s(s+i)
=-32

3kT

(64)
3kT

while the average of the susceptibility is:
I2 S(S+1)

X„ + 2xl
x

ave
ave

=

= =

~25

3

(65)

3kT

Hence Ax represents about 130% of x „_• Other forms of
hemoglobin, such as deoxyhemoglobin have an anisotropy of about
10%.
However, even this large anisotropy is much less than
— 21»

kT, which at room temperature is of the order of 4.10

ergs,

while Ax at liquid nitrogen temperature, in a field of 1000G
— 2*»

is only 10

—9

ergs for a single met-hemoglobin (V = 4.10

4

cm3).

Thermal motion would prevent a single met-Hb from orienting in
any existing magnetic field.
There exist however biological structures which orient
in magnetic field due to paramagnetic anisotropy*

. They

consist of a large number of individual molecules oriented nonrandom ly. Sickle cells are such structures and a few words have
to be said about them.
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Sickle cells are jred cells which contain a mutant
hemoglobin S. The mutation has occurred probably in an individual in Northern Africa and has been thoroughly studied. It
- manifests itself as a replacement of a single amino acid
(one out of 287 which constitute an ct$ pair). In the sixth
position of the 3 chains a glutamic acid has been replaced by
a valine residue. This is one of several hundred observed
mutations in human hemoglobin, but while most of them produce
no, .or only slight physiological effects, the HbS produces
deformation of the red cells when in deoxy state with the
resulting difficulties in the circulation of these cells. They
often acquire a sickled appearance, hence the name of the
disease. The sickled form of the red cells - as opposed to the
normal doughnut shape - is due to the formation of fibers
inside the cells. Each fiber is a quasi crystal of hemoglobin
molecules, similar to liquid crystal structures. The reason for
the formation of fibers is electrostatic; mutation having replaced
one amino acid with another one of different electric charge.
The fiber formation occurs in deoxyhemoglobin. Kie fibers dissolve
in oxyhemoglobin. This is due to the fact that the overall
conformation of deoxyhemoglobin (the T conformation) is different
than that of oxyhemoglobin (R conformation).
The distortion of red cells leads not unfrequently
to death of the individual. The disease is common among negroes
of Africa and of the Western hemisphere. A large amount of work
has gone into elucidating the structure, with the hope that a
way will be lound to dissolve the fibers.
Sickle cells orient in a magnetic field1

.This is due to the

\
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fact that a cell contains of the order of 10* molecules of hemoglobin, its
volume is many orders of magnitude larger than that of single
hemoglobin molecule and they are organized in a regular
pattern. As a result, the magnetic energy due to paramagnetic
anisotropy of the deoxy cells is larger than kT at room
temperature.
The magnetic field produces a torque responsible
for cell rotation:
T = |f = VH 2 sin 29.Ax

(66)

The rotation is described by the following equation:
1

—
dt 2

+

* Ud t

+

kZ VH 2 AX sin 29 = 0

(67)

I is the moment of inertia and £ is the coefficient of friction
of the cell. The first term turns out to be considerably smaller
than the others. This leads to a solution:
Ç
i =
2

H AX

tg e.
In
i
tg

(68)

ef

T is the time of rotation from an initial angle 6. to the final
angle 0 f . It is a simple matter to measure t observing the
rotation under a microscope. The measurement yields the value
of £/&x> Estimating the coefficient of friction, Ax is obtained.
The equation (68) can be checked measuring the dependence of T
on II. The 1/H2 dependence of i has been verified experimentally
(Fig.41).
The experimental arrangement consists of a magnet,
microscope of about 40Ox overall magnification (dimensions of a

»
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sickle cell are ox the order of 10

en)., and a microscope

slide with a drop of deoxygenated blood from a sickle cell
patient.
The value of Ax is of interest in deciding among
different models of the fiber structure. The interpretation
would be simple if each hemoglobin molecule in the fiber
possessed four hemes in

parallel arrangement, and if the

molecules were simply lined up in the fibers. We have seen
previously (p.21) that the 4 hemes in each hemoglobin are at
different angles with respect to the* molecular x axes (Fig.7).
In terms of (Ax).» anisotropy of the individual heme, fix turns
out to be:
AX = (AX)hl-42 N(3 cos 2 * - 1)

(69)

where N is the number of hemoglobin molecules in the sickle
cell and • angle between the symmetry axis of the fiber and
the molecular x axis.
The cells orient perpendicular to the magnetic field,
which is consistent only with (3 cos 2 * - 1) > 0, implying that
• < 55 . It is possible to transform the deoxyhemoglobin cells
to methemoglobin and other paramagnetic hemoglobin species
and greatly extend the scope of these experiments.
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FIGURE CAPTIONS

Figure 1 - Energy levels of spin S = 1/2 as a. function of
magnetic field H . AW represents a transition
(Eq.(4)).
Figure 2 - Energy levels of a system with S = 1/2 and I = 1/2.
Figure 3 - An EPR spectrum corresponding to Fig.2b.
Figure 4 - Singlet and triplet states arising from a two
electron interaction.
Figure 5 - ENDOR transitions in a system with S = 1/2 and I = 1/2.
Figure 6 - On the right an envelope of 4 unresolved EPR
transition is shown. On the left one of these
transitions is saturated.
Figure 7 - Hemoglobin molecule.
Figure 8 - The heme group.
Figure 9 - Oxygen saturation curves of myoglobin and hemoglobin.
Figure 10- Conformational change between oxy and deoxy hemoglobin.
Figure 11- Five orbitais of the d electron.
Figure 12- The energy levels of the d orbitais for octahedral
symmetry and octahedral symmetry with tetragonal
distortion.
Figure 13- The high and low spin states of the Fe

3+

ions.

2+
Figure 14- The high and low spin states of the Fe
ions.
2+
3+
Figure 15- The different states of the Fe
and Fe
ions as a
function of the crystal field.
Figure 16-?" S = 5/2,high spin hemoglobin. Energy levels as a
function of the magnetic field.
Figure 17- Variation of the g-values in hemoglobin as a function
of the angle between the magnetic field and the
crystalline a axis.

Figure 18- The angle 9 used in Eq.34.
Figure 19- General formula, of a nitroxide spin label.
Figure 2Q- The 2pn orbital of the nitrogen in a nitroxi.de spin
label.
Figure 21- The nitroxide spin label spectrum for short correlation
time, T C ( T C « T ) .
Figure 22- immobilized spectrum of a spin label.
Figure 23- N-ethyl-maleimide spin label.
Figure 24- Spin label in oxy and deoxyhemoglobin.
Figure 25- NO-Hb EPR signals corresponding to « T , <x and B chains.
Figure 25.a-Experimental EPR spectra of NO-heraoglobin at various
degrees of NO saturation: spectra plotted as linear
combinations of the spectra of Fig.2, with coeficients
Y

°T' ' Y°R ' Y P *

Figure 26- The membrane xiodel presently accepted.
Figure 27- Nitroxide spin labels utilized in membrane research.
Figure 28- Randomly oriented immobilized spin label spectrum.
Figure 29- The order parameter S as a function of the distance
of the spin label from the polar head in the membranes.
Figure 30- The energy levels for S = 1/2, 1 = 1 system, such as
ferric hemoglobin.
Figure 31- Energies of the four ENDOR lines expected from
equivalent nitrogens.
Figure 32- ENDOR spectrum of myoglobin. Only the nitrogen
transitions are indicated.
Figure 33- The structure of bacteriochlorophyll a and plant
chlorophyll a.
Figure 34- ENOOR spectra of bacteriochlorophyll in vitro and in the
reaction centers. The comparison shows that dimers
are responsible for the signal in the bacteria.

Figure 35- ENDQR of protons in CH3 groups of the
bActeriochlorophyll, as a, function of temperature.
Figure 36- High spin and low spin lines in ferriic hemoglobin.
Figure 37- Energy levels due to two Fe

coupled ions. The

coupling is antiferromagnetic.
2+
Figure 38- Energy levels due to two Fe
ions.
Figure 39- The model of iron clusters in some sulfur proteins,
and the variation of magnetic susceptibility with
temperature.
Figure 40- The energy levels for a S=2 system, such as high spin
Fe2+ .
Figure 41- Rotation of sickle cells in magnetic fields, T - time
of rotation between 8. and ef the initial and final
angles formed by the long axis of the cell with the
magnetic field H.
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