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Electron paramagnetic resonance investigations of paramagnetic centers in whole human blood were carried out at 170 K using
X-band EPR spectrometer. The study included a group of patients and healthy volunteers. The EPR signals from high spin Fe** ions
in transferrin (g = 4.2) and Cu® ions in ceruloplasmin (g = 2.05) are characteristic of each frozen blood sample. An overview of all
recorded spectra revealed in several cases additional lines derived from high spin Fe® ions in methemoglobin (g = 5.8 - 6), free
radicals (g = 2.002 - 2.005) and various low spin ferriheme complexes (g = 2.21 - 2.91). The lines from cytochromes (g = 3.03 and 3.27)
were observed only twice. The EPR measurements have not confirmed the correlation between the occurrence of a particular type of
low-spin iron complex and a specific disease entity. Moreover, the presence of EPR lines from trivalent iron also did not differentiate

patients from healthy volunteers.

INTRODUCTION

Paramagnetic centers in human blood include primarily
the molecular complexes containing iron Fe®
(transferrin, methemoglobin) or copper Cu®* ions
(ceruloplasmin) and free radicals.

Human ceruloplasmin (hCP) is a glycoprotein with a
molecular weight of 132 kDa (Zaitseva, Zaitsev, Card,
Moshkov, Bax, Ralph & Lindley, 1996; Bento, Peixoto,
Zaitsev & Lindley, 2007; Farver, Bendahl, Skov &
Pecht, 1999) and the carbohydrate content between 7
and 8% (Bento et al., 2007). The concentration of
ceruloplasmin in the blood plasma of healthy adult
people amounts to 300 mg/ml (Healy & Tipton, 2007).
The hCP protein is comprised of six domains and
contains six copper ions. Three of them form a trinuclear
cluster at the interface of domains 1 and 6 and the other
three are arranged individually in domains 2, 4 and 6
(Zaitseva et al., 1996). Paramagnetic ions (Cu type I) in
mononuclear sites have more complex EPR spectrum
than more regularly coordinated paramagnetic ion from
the cluster (Cu type 11). Two remaining antiferromagne-
tically coupled ions from cluster (Cu type Ill) are EPR
silent (Healy & Tipton, 2007). In EPR spectra of the
purified human ceruloplasmin one can distinguish the
signal from Cu type Il with gj= 2.25 and Aj= 18 mT
and two dissimilar signals from Cu type | centers with
different values of the hyperfine splitting constant (A=
7.2 mT and Aj= 9 mT), but similar g values (g= 2.20

and 2.21) (Kouoh Elombo, Radosevich, Poulle,
Descamps, Chtourou, Burnouf, Catteau, Bernier &
Cotelle, 2000). The study of copper sites is important in
context of an understanding of the role of the protein in
human organism.

Ceruloplasmin is the acute phase reactant and the
multifunctional enzyme, which shows amino-oxidase,
superoxide dismutase and ferro-oxidase activity (Senra
Varela, Bosco Lopez Saez & Quintela Senra, 1997). It
catalyzes the oxidization of Fe** to Fe®, which is
essential to load apotransferrin with iron and also the
reoxidation of Cu* to Cu®". Ceruloplasmin is synthesized
in the liver, but may also be produced by cancer cells. In
case of malignant tumors the level of copper in the
plasma (Zowczak, Iskra, Torlifiski & Cofta, 2001) and
the concentration of ceruloplasmin increase (Senra
Varela et al, 1997; Ozyilkan, Baltali, Ozyilkan,
Tekuzman, Kars & Firat 1992) and thus also increases
the rate of synthesis and secretion of this glycoprotein
by the liver. Tumor cells can capture a non-
ceruloplasmin copper from plasma, so that they contain
a relatively large amount of copper (Zowczak et al.,
2001). Patients with head and neck cancer had
significantly elevated serum ceruloplasmin level as
compared to the control group and this increase was
directly proportional to the stage of cancer. A significant
decrease in ceruloplasmin level was observed after
radiotherapy, but the value was still higher than in the
control group (Sachdeva, Girdhar, Gulati & Lal, 1993).

* This paper was presented at IX International Workshop on EPR (ESR) in Biology and Medicine, 7-10 October, 2013, Krakéw, Poland.



8 Tomasz Kubiak et al.

Human transferrin (Tf) fulfils a lot of functions.
Although the primary role of this protein is to transport
and deliver iron to cells, it is also involved in the
processes of growth, proliferation, differentiation and
apoptosis of cells (Gomme & McCann, 2005). Two iron
ions can be easily bound to apotransferrin molecule
provided that they are found in the ferric form.
Therefore, the oxidation of Fe?** to Fe** by
ceruloplasmin is necessary to load apotransferrin with
iron. Under normal conditions only about 30% of
transferrin binding sites are occupied by iron ions
(Sanna, Garribba & Micera, 2009). Apotransferrin is
EPR-silent, but when it bounds Fe** ions one can
observe a distinct EPR signal from high-spin (S = 5/2)
ferric non-haem iron in transferrin (Dunne, Caron,
Menu, Alayash, Buehler, Wilson, Silaghi-Dumitrescu,
Faivre & Cooper, 2006). Transferrin constitutes a part of
the defense system against the excess of free iron in the
organism. The presence of iron unbound to proteins
leads, via the so-called Fenton reaction, to the formation
of highly reactive hydroxyl radicals, which cause
damages to lipids and DNA (Liehr & Jones, 2001).
Postmenopausal women, in whom a cessation of
menstruation reduces the loss of iron, are exposed to the
body overload with this element and accelerated
production of reactive oxygen species, which strengthen
the process of carcinogenesis (Jian, Yang, Dai, Eckard,
Axelrod, Smith & Huang, 2011; Kubiak, 2013).

The EPR studies of human blood revealed also the
anisotropic signal (g1 = 6 and g = 2) from high-spin
Fe** in methemoglobin (Svistunenko, Dunne, Fryer,
Nicholls, Reeder, Wilson, Bigotti, Cutruzzola & Cooper,
2002; Pulatova, Sharygin, Shlyakova, Sipyagina &
Wasserman, 2009). Both  oxyhemoglobin  and
deoxyhemoglobin under the influence of different
factors might turn into methemoglobin and a healthy
man always has got the small amount of this protein in
blood. The higher concentration of metHb (> 1.5 g/dL)
causes methemoglobinemia, which is accompanied by
cyanosis (Hamirani, Franklin, Grifka & Stainback,
2008). Furthermore, at least two low spin forms (with
two pairs of electrons coupled and a total spin of 1/2) of
metHb are present at low temperature, including one
with a g, = 2.8 and the other with g, = 2.98 (bis-histidine
state) (Svistunenko, Sharpe, Nicholls, Blenkinsop,
Davies, Dunne, Wilson & Cooper, 2000).

Free radicals in blood can be produced in the reaction
of hydrogen peroxide with human methemoglobin
(Svistunenko et al., 2002). Peroxyl radical (with g =
2.033) is derived from tryptophan residues, while
nonperoxyl (with g = 2.005) was identified as tyrosyl
radical (Svistunenko et al., 2002; Dunne et al., 2006).
Plasma ascorbate has the ability to scavenge globin free
radicals. The reduction of these species by ascorbate
entails the formation of less reactive ascorbyl radical.
The increase in the concentration of ascorbyl radicals

reflects the rate of the one-electron oxidation of
ascorbate and indicates oxidative challenges, also those
caused by iron overload (Vasquez-Vivar, Santos,
Junqueira & Augusto, 1996). The EPR spectrum of
ascorbyl radical is a doublet at room temperature and a
narrow singlet (4B,, = 0.9 mT) at 10 K (Dunne et al.,
2006). In blood at 77K the line has g = 2.0057 (Pulatova
et al., 2009). Human erythrocytes efficiently recycle
ascorbate, because ascorbyl free radicals are reduced by
the NADH- and NADPH- dependent reductases (May,
Qu & Cobb, 2004). It is worth noting that adrenaline
radicals (singlet, 4By, = 1.4 mT, g = 2.003) and
adrenochrome radicals (singlet 4By, = 0.9 mT, g =
2.004) were also detected in the blood (Pulatova et al.,
2009).

The aim of the present work is to investigate, by
means of EPR spectroscopy, paramagnetic centers
present in whole blood of cancer patients and to
determine whether some centers are characteristic of a
specific disease entity and do not occur in the blood of
healthy volunteers.

MATERIALS AND METHODS

EPR investigations of whole human blood have been
being carried out in the Medical Physics Division at
Adam Mickiewicz University in Poznan for several
years. The studied material consists of samples from
patients with various types of cancer (for example breast
cancer). Blood was also drawn from healthy volunteers.
All  specimens were placed in liquid nitrogen
immediately after collection and stored in deep freeze in
dewar flask.

The EPR measurements were carried out at 170 K
using X-band (9.4 GHz) spectrometer Bruker EPR
EMX-10 equipped with a digital temperature control
unit ER 4131VT. A standard rectangular cavity ER
4102ST was used in the experiment. During the low
temperature measurements a purging nitrogen gas flow
through the cavity was used to avoid water condensation
inside the cavity. The following settings were used:
microwave power 20 mW, modulation frequency 100
kHz, second modulation amplitude 1 mT. Each sample
was measured in three sweep ranges: 650 mT (centre
335 mT) and 50 mT (centers respectively in 335 mT and
160 mT). To minimize the noise the spectra were
accumulated 9 or 25 times. The EPR signals recorded in
sweep range 650 mT were smoothed using adjacent
averaging method in order to increase the visibility of
the weak lines. All signals acquired in sweep range 50
mT were filtered using a low-pass filter. The cutoff
frequency was chosen so that the signal would not be
distorted.
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RESULTS AND DISCUSSION

At 170K in EPR spectra of frozen human blood appears
the signal, which consists of three distinct components
with different amplitudes (Fig.1). This signal is present
in all cases (both in healthy and ill people). The g factor,
assigned to the line formed by the merger of two
components with highest amplitudes, is in the range of
g= 4.14 - 4.16. Comparison with the literature shows
that this signal originates from Fe®* in transferrin
(g = 4.2) (Hirota, Haida, Mohtarami, Takeda, lwamoto,

Shioya, Tsuji, Hasumi, Nakazawa, 2000; Pocklington &
Foster, 1977), which is also confirmed by the very
characteristic shape. The first component (counting in
the direction of increasing values of magnetic field
induction), for which g = 4.30 - 4.37, has the lowest
amplitude and the narrowest line width. The amplitude
of the second component with g = 4.23 - 4.27 is greater
than the amplitude of the first one. The third component,
with g = 4.11 - 4.13, has got the highest amplitude and
the greatest line width.
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Fig. 1. Typical EPR signal from Fe®" ions in transferrin in whole human blood consists of three components. Spectrum recorded at 170 K.

The literature values of g factors for three components
are g = 4.39; g = 419 and g = 4.07, respectively
(Rottman, Doi, Zak, Aasa & Aisen, 1989). Two non-
heme Fe* ions are in the high-spin state S = 5/2 and

their EPR spectrum is characteristic of the compounds in
which iron is present in the rhombic symmetry system
(Krzyminiewski, Kruczynski, Dobosz, Zajac, Mackie-
wicz, Leporowska & Folwaczna, 2011; Preoteasa,
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Fig. 2. The EPR signal from Cu®" ions in ceruloplasmin (g = 2.05) and the line from free radical (g = 2.003). The spectrum of whole blood of

68-year-old female breast cancer patient was recorded at 170K.
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Schianchi, Camillo Giori, Duliu, Butturini & lzzi, 2013).
In transferrin each iron atom is bound in a distorted
octahedral coordination to four amino acid residues (two
tyrosines, one histidine, and an aspartic acid) and two
oxygen atoms from a synergistically bound carbonate
ion (Adams, Mason, He, Halbrooks, Briggs, Smith,
MacGillivray & Everse, 2003).

In the EPR spectra of whole blood occurs also the line
for which g = 2.05 (Fig.2). This corresponds to the
literature value: g = 2.049 assigned to Cu®* ions in
ceruloplasmin (Hirota et al., 2000; Pocklington & Foster
1977; Foster, Pocklington, Miller & Mallard, 1973).
This is perpendicular hyperfine line of the Cu? signal
(Kleinhans, Kline, Dugan & Williams 1983), most

Tomasz Kubiak et al.

intensive component, which comes from the Cu type 1l
(Kouoh Elombo et al., 2000). Peak-to-peak widths of the
recorded signals of Cu?* from ceruloplasmin are in the
range of 5.3 - 7.5 mT. Cu type Il signal is characteristic
of tetragonally coordinated copper complex (Kouoh
Elombo et al., 2000). It is worth noting that the line from
ceruloplasmin appears both in ill and healthy people.

In Fig.2 there is small signal with g = 2.003 and peak-
to-peak width 1.27 mT. Generally, the lines with g
factors in the range g = 2.002 - 2.005 and 4B, = 1.03 -
1.37 mT were observed in EPR spectra of whole human
blood of = 30% cancer patients. These signals probably
comes from free radicals.
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Fig. 3. EPR spectrum of whole blood of 68-year-old female breast cancer patient contains the signals from: Cu®" in ceruloplasmin (g = 2.05),
high spin Fe*" in transferrin (g = 4.14), high spin Fe* in methemoglobin (g = 5.83) and low-spin ferriheme complex (g = 2.91). Spectrum

recorded at 170K.
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Fig. 4. EPR spectrum of whole blood of 51-year-old female breast cancer patient contains the signals from: Cu®" in ceruloplasmin (g = 2.05),
high spin Fe*" in transferrin (g = 4.14), high spin Fe** in methemoglobin (g = 5.92) and low-spin ferriheme complex (g = 2.21). Spectrum

recorded at 170K.
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In some spectra appears the signal with g = 5.83 - 6.
(Fig.3-6). It can be attributed to high-spin Fe®*" in
methemoglobin (Preoteasa et. al., 2013). In Fig.3-4 is
visible that the line from metHb indicates the presence
of two superimposed signals. They can originate from
iron ions in a and B subunits in metHb (it was observed
a rhombic distortion in the almost axial (tetragonal)

symmetry of iron in two subunits) or result from two
different conformations of this protein, which is less
probably (Svistunenko et al., 2000).

In some cases one can also distinguish EPR signals
from different Fe** complexes. In Fig.3 there is the line
with g = 2.91, in Fig.4 and Fig.6 with g = 2.21, in Fig.5
lines with g = 2.26 and g = 2.56.
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Fig. 5. EPR spectrum of whole blood of another 51-year-old female breast cancer patient contains the signals from: Cu® in ceruloplasmin
(9 = 2.05), high spin Fe*" in transferrin (g = 4.15), high spin Fe* in methemoglobin (g = 5.89), low-spin ferriheme complexes (g = 2.26

and 2.56) and cytochrome (g = 3.27). Spectrum recorded at 170K.
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Fig. 6. EPR spectrum of whole blood of healthy person contains the signals from: Cu®* in ceruloplasmin (g = 2.05), high spin Fe** in
transferrin (g = 4.14), high spin Fe* in methemoglobin (g = 5.85), low-spin ferriheme complex (g = 2.21) and cytochrome (g = 3.03).

Spectrum recorded at 170K.

These signals may be due to hemine complexes
(hydroxy form of MetHb at alkaline pH and hydroxy
form of free o chains of HbA) or hemichromes
reversibly formed from HbA (Preoteasa et al., 2013), but
their precise identification is difficult. Generally, the

resonance lines at g = 2.15 - 2.30 are typical of low-spin
(S = 1/2) ferriheme proteins and the lines at g > 3 are
characteristic of various cytochromes (Preoteasa et al.,
2013). Signals from cytochromes were detected only
twice. The line with g = 3.27 was found in EPR
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spectrum of whole blood of 51-year-old female breast
cancer patient (Fig.5) and the signal with g = 3.03
(Fig.6) in spectrum of whole blood of healthy person.

CONCLUSION

The EPR study showed that the signals from high spin
Fe*" ions in transferrin (g = 4.2) and Cu®" ions in
ceruloplasmin (g = 2.05) are present in the spectra of
frozen whole blood both in healthy people and patients
suffering from cancer. EPR lines derived from high spin
Fe** ions in methemoglobin (g = 5.8 - 6) and various
low spin ferriheme complexes (g = 2.21 - 2.91) were
detected in some patients and also in several healthy
volunteers. Therefore, it cannot be unequivocally
established whether the presence of EPR line from
specific trivalent iron complex is characteristic of
particular disease entity and allows to differentiate
patients from healthy people.
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