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ARTICLE INFO ABSTRACT

Keywords: Electron paramagnetic resonance (EPR) spectroscopy is unique in providing robust information about free
EPR ) radicals, transition metal ions and metalloenzymes, which are crucial players in redox processes. EPR had a
EPR methodologies major role in advancing the redox biology field during the 20th century, but the interest in this methodology
Free radicals . . . . . . .
o . considerably decreased in recent years. Here, we discuss potential reasons for this decline as well as potential
Transition metal ions o . = . .
Metalloproteins reasons for maintaining the mind open to the many possibilities brought by EPR and associated methodologies to
Spin trapping the redox field. We present the fundamentals of EPR using pictorial images and minimal physicochemical lan-
guage. We also present EPR derived methodologies developed to detect radical metabolites, that is, direct EPR of
solutions (static and continuous-flow), direct EPR of frozen solutions, spin-trapping and spin-scavenging,
showing examples and discussing the advantages and drawbacks of each one. Finally, we discuss the EPR
spectra of metalloproteins and metal ion complexes of biological interest, which are more complex than those of
radical metabolites in solution. In addition to introduce EPR methodologies to those new to the redox field, our
goal is to show that these methodologies can contribute to advance the field.

1. Introduction

Redox biology began with the realization that aerobic metabolism
produces free radicals that can cause damage to biomolecules, cells and
organisms [1-3]. Although it was recognized that nonradical oxidants (2
electron oxidants) are biologically produced, the prominence of radicals
(1 electron oxidants) was such that this area of investigation was
initially named “free radicals in biology” or subtle variations of it. Not
surprisingly, electron paramagnetic resonance (EPR) spectroscopy, the
gold standard for detection and characterization of radicals, had an
important role in advancing the redox area up to the end of the 20th
century.

The 90's brought the discoveries of the signaling functions of NO® [4,
5] and Hy0; [6]. These paradigmatic discoveries and the following
advances led to the recognition that oxidants and radicals are not always
toxic to cells and organisms, but also mediate cellular signaling and
regulation. Then, most of the attention of redox biology area diverted
from free radicals to nonradical oxidants and from oxidative damage to
cellular responses to oxidants, in particular responses to HoO5 [7-9].

However, cellular redox signaling and cellular regulation are far
from being elucidated and the participation of radicals in these processes

cannot be excluded [10]. The signaling function of the radical NO® is
undisputable, although its better characterized action mechanism
(binding to the heme group of guanylate cyclase and enzyme activation)
[11,12] is unrelated to the classical redox signaling mechanism based on
the oxidation/reduction of thiol proteins [13].

The evolution of the redox biology area led to an increased interest in
techniques sensitive enough to detect oxidants (or their products) in
organelles, cells and tissues under pathophysiological and even physi-
ological conditions. This stimulated the development of methodologies
based on fluorescence, mass spectrometry and microscopy, taking
advantage of the contemporary advances in these techniques. In paral-
lel, the general interest in EPR methodologies considerably declined,
despite these methodologies being unique in providing robust infor-
mation about radicals, transition metal ions and metalloenzymes, all of
which are crucial players in redox processes.

The redox mechanisms underlying biological phenomena are com-
plex and multi-faceted and a comprehensive understanding of these
mechanisms requires multidisciplinary approaches and a combination
of most of the available techniques. Therefore, it is tactical to keep an
open mind to the many possibilities that EPR and associated method-
ologies bring to the redox field. Here, we discuss the fundamentals of
EPR using pictorial images and minimal physicochemical language,
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Abbreviations

DBNBS 3,5-dibromo-4-nitrosobenzenosulfonic acid

DMPO  5,5-dimethyl-1-pyrroline-N-oxide

DEPMPO diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide

MNP 2-methyl-2-nitrosopropane

PBN N-tert-butyl-a-phenylnitrone

POBN  «-(4-pyridyl-1-oxide)-N-tert-butylnitrone

peroxynitrite the sum of peroxynitrite anion (ONOO—,
oxoperoxonitrate (—1)) and peroxynitrous acid
(ONOOH, hydrogen oxoperoxonitrate)

tempol  4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy radical

recommending two excellent texts for those who want to delve deeper
[14,15]. We also present and discuss the EPR methodologies developed
to detect radical metabolites as well as metalloproteins and metal ion
complexes of biological interest, providing examples and complemen-
tary literature. Our goal is to introduce EPR methodologies to new-
comers to the redox field while showing that these methodologies
contribute to advance the knowledge on redox mechanisms underlying
chemical and biological phenomena.

2. EPR basics

EPR (also called electron spin resonance (ESR)) is a form of magnetic
resonance spectroscopy as is the case of nuclear magnetic resonance
(NMR). All forms of spectroscopy are based on the absorption of elec-
tromagnetic radiation by a molecule resulting in its transition from a
ground (lower energy) state to an excited (or higher energy) state
(Fig. 1A). For the transition to occur, the radiation frequency must be
equal to the energy difference between the ground and excited state,
which depend on the intrinsic physicochemical properties of the
analyzed molecule(s). The transition energies in UV spectroscopy (v
~10'7-10'® Hz) correspond to the strong electrostatic bond energies of
the molecule valence electrons. In contrast, the transition energies in
magnetic resonance spectroscopy are much smaller because they
correspond to the weak interactions of an external magnetic field with
either, the electron magnetic moment for EPR spectroscopy
(v~10"2-10'° Hz) or with the nuclear magnetic moment of nuclei for
NMR spectroscopy (1/~106—109 Hz) [15].

Many nuclei have a magnetic moment (nuclei possessing an odd
number of protons or an odd number of protons plus neutrons) justifying
the many applications and extensive use of NMR. In contrast, only
radicals and transition metal ions with unpaired electrons possesses
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electron magnetic moment because electrons that occupy the same
orbital have opposite spins (Pauli principle), cancelling each other out.
Therefore, EPR is specific for radicals and transition metal ions.

In a quantum mechanical description, the magnetic moment of a
nucleus or an electron is related to their corresponding spins, which
define the orientations they can take relative to an external magnetic
field (H). Each of these orientations corresponds to a distinct energy
level. Magnetic resonance absorptions correspond to transitions be-
tween these energy levels. The electron spin (S) is !5, specifying two
orientations relative to the magnetic field: —' parallel to the magnetic
field (low energy) or +; antiparallel to it (high energy). A pictorial view
of a typical experiment EPR experiment is displayed in Fig. 1 B. In the
absence of an external magnetic field, the spin population (unpaired
electrons) of a solution containing free radicals at room temperature, for
instance, is distributed randomly and has the same energy level on
average. With the application of the magnetic field of a EPR spectrom-
eter, the spin population can assume one of two orientations relative to
the magnetic field, parallel (—') or antiparallel (+'%), but the former is
preferred because it has lower energy. The gap of energy between these
states varies with the magnetic field strength (Fig. 1B), and the EPR
signal is due to the absorption of the energy necessary to promote spins
from the lower energy to the higher energy population according to
Equation (1):

AE= (E(ms:‘/z) - E(ms:—l/Z)) =hv=gpH (€]

where h, Planck’s constant; v, microwave frequency; g, the position in
the magnetic field where the resonance occurs (specific for each radical/
transition metal ion), B, Bohr magneton (a physical constant for
expressing the magnetic moment of an electron); and H, the applied
magnetic field.

The g value for a free electron is 2.0023. Most radicals have a g value
very close to that of the free electron, but slightly different (+0.2 at
most) because in each radical the unpaired electron has a different
structural neighborhood. For instance, radicals with extensive spin
delocalization, especially on heteroatoms, have higher g values [16].
Metalloproteins and metal ion complexes, however, have g values
markedly different from that of the free electron (see 4.).

Equation (1) permits the calculation of the magnetic field required
for an EPR experiment. The microwave frequencies used in commercial
instruments are usually 9 GHz (X band) or 35 GHz (Q band), requiring
fields of 3.2 kG and 12.5 kG, respectively. The EPR spectrum is usually
obtained by increasing the magnetic field while simultaneously sub-
mitting the sample to a constant microwave frequency. The absorption
of microwave energy is detected but, different from other spectros-
copies, the EPR spectrum was initially recorded as the first-derivative of
the absorption peak (due to instrumental reasons), and this tradition is
usually maintained up to these days (Fig. 1B).

-

- Fig. 1. A. Spectroscopic transition involved in ab-
== sorption spectroscopy. B. Schematic illustration of a
typical EPR experiment showing that the EPR signal
is due to the absorption of the energy necessary to
promote spins from the lower to the higher energy
state in the population of unpaired electrons (spins)
of a free radical solution submitted to the magnetic
field of a EPR spectrometer (see text). All scales in the
~ figure are arbitrary and chosen to illustrate an EPR
experiment. The EPR spectrum that illustrates the
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energy figure corresponds to that of 2.6 pM carbonate radical

absorption (CO37) recorded ~1 ms after 1:1 mixing of 4 mM

peroxynitrite at pH 12 with 0.1 M bicarbonate/CO5 in

EPR 0.4 M phosphate at pH 6.9 using the continuous flow
spectrum ~ technique modified with permission from Ref. [18].
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S| Fig. 2. A. Schematic representation of the hyperfine
’ interaction of an electron spin (S) interacting with the
l T(+1/2)(+1/2) different orientations (parallel or antiparallel) of the

nuclear spin of a nucleus of 13¢C (I = %). The electron
spin (S) experiences a magnetic field arising from the
nuclear magnetic moment of 3¢ (H;) as well as the
EPR spectrometer field (H) (see text). B. Shows the
effects of the same hyperfine interaction (electron
spin with a single nucleus of 13C) on the energy levels
of the labeled carbonate radical (13C03._) under an
external magnetic field at constant frequency (hv).
Under these conditions, two resonance conditions are
possible, since the orientation of the nuclear spin does
not change during an EPR experiment (AL, = 0). The
arrows represent the direction of the magnetic mo-
ments. All scales in A. and B. are arbitrary and chosen
to illustrate a hyperfine interaction. The illustrative
EPR spectrum of 13C03 ~ was modified from Ref. [18]
with permission. C. EPR spectrum of the ascorbyl
radical taken from human plasma treated with per-
oxynitrite. The figure schematically shows the inter-
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Table 1
The nuclear magnetic spin (I) of nuclei abundant in biomolecules and some of
their isotopes.

Nucleus Abundance Nuclear spin (I) Number of lines (21 +1)
%
H 99.99 1/2 2
14N 99.63 1 3
15N 0.37 1/2 2
12¢ 98.93 0 0
3¢ 1.07 1/2 2
160 99.76 0 0
170 0.04 5/2 6
sip 100 1/2 2

The EPR spectrum of a paramagnetic molecule under determined
experimental and instrumental conditions provides its g value (Eq. (1)),
as well as its concentration. Indeed, the level of absorbed energy is
proportional to the unpaired electron concentration. This concentration
can be obtained by the double integral of the EPR signal and comparison
with known concentrations of a standard radical or transition metal ion
spectrum scanned under the same experimental and instrumental set-
tings. For instance, the EPR spectrum that illustrates Fig. 1B corresponds

v

action of the nuclear spin (I) with the instrument
magnetic field (H) as arrows and the interaction of
the electron and nuclear (H, I = '4) magnetic mo-
ments as a fork (for better understanding the number
of lines in the EPR spectrum); the g and hyperfine
constant (ay) values of the ascorbyl radical are also
shown. D. The same as C. for tempol (50 pM) in
phosphate buffer, pH 7.4. The spectra are from the
personal archive of the authors.

;ﬁ‘_\u_{a,\,—ﬁ? G

g=2.0056

to that of 2.6 pM carbonate radical (CO37) (g = 2.0113) recorded
approximately 1 ms after mixing (1:1 v/v) 4 mM peroxynitrite at pH 12
with 0.1 M bicarbonate/CO, in 0.4 M phosphate at pH 6.9 using the
continuous flow technique (see 3.2.). The concentration of CO3~ was
determined by normalizing its doubly integrated EPR signal to that of 2
pM of the stable radical tempol (4-hydroxy-2,2,6,6-tetramethyl-1-
piperidinyloxy radical) scanned under the same conditions [17,18].
Not all radicals have a monotonous one-line EPR spectrum (one
resonance condition) because the free electron interacts with neigh-
boring nuclei that have nuclear spin magnetic moment (I) leading to the
splitting of the energy levels into amounts called hyperfine splitting
constant (a) (Fig. 2). Among the nuclei that are abundant in bio-
molecules and have nuclear spin different from zero are 'H (abundance
99.99% (I = %) and **N (I = 1) (abundance 99.63%) (Table 1). The most
abundant isotopes of carbon (IZC) and oxygen (160) are diamagnetic (I
= 0), explaining the one-line spectrum of the CO3~ (Fig. 1B). To un-
equivocally prove that the radical detected by rapid continuous flow
EPR mixtures of peroxynitrite and bicarbonate/CO, was the CO3™, the
reagent was substituted by the 13C.1abeled one (H'3C03/13C0,). In this
case, a two-line EPR spectrum was detected (with half peak height) as
expected for a'3Co%™ radical [17,18]. This is because in 3CO%~ the
unpaired electron (S) experiences a magnetic field arising from the 13C
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magnetic moment (Hj) as well as the applied magnetic field (H)
(Fig. 2A). The direction of the field arising from 13¢ (I = %) can either
oppose or reinforce the spectrometer magnetic field. Consequently, the
unpaired electron effectively experiences either of two different mag-
netic fields (H — Hy) or (H + Hj) and the EPR signal splits in two. Fig. 2B
shows the effect of the hyperfine interaction on the energy levels of the
13C0%~ unpaired electron, noting that under an EPR experiment electron
spin transitions occur (—' to +'; AS; = 1) but nuclear spin transitions
do not (AL, = 0). At constant frequency (h v) two resonance conditions
are possible, demonstrating that a previous single transition (CO3")
splits into a doublet or a two-line EPR signal due to the hyperfine
interaction between the free electron and °C in the case of the 13C03’
(Fig. 2B).

Likewise, the ascorbyl radical (produced from the one-electron
oxidation of the vitamin C, an important plasma and cellular antioxi-
dant) displays a two-line EPR spectrum because the free electron in-
teracts more strongly with the H atom (I = 4) attached directly to the
ring than with the side chain H atoms (Fig. 2C). Tempol, on the other
hand, has a three-line EPR spectrum because the free electron interacts
with the N atom (I = 1), the nuclear spin of which may not influence
(perpendicular orientation), reinforce (parallel orientation) or oppose
(antiparallel orientation) the instrument magnetic field (Fig. 2D). In
addition to the spectrum, Fig. 2C and D schematically show the inter-
action of the nuclear spin with the instrument magnetic field, the fork
scheme (which shows the free electron absorption splitting by interac-
tion with each of close nucleus with magnetic moment, facilitating EPR
spectrum attribution); these figures also display the g and hyperfine
constant values (a) of each specific radical.

In summary, the number of lines observed in an EPR spectrum is
given by Equation (2):

Number of lines =2nl + 1 2)

where n is the number of equivalent nuclei with spin I. In all the radicals
displayed in Fig. 2, the unpaired electron interacts with one nucleus
having a magnetic moment (n = 1) and the number of lines depends on
its corresponding spin (I). In radicals in which the unpaired electron
interacts with inequivalent nuclei (different magnetic moment or
chemically inequivalent), the total number of lines is multiplied. In some
cases, these lines occur at identical field values resulting in line super-
position. This is exemplified in the case of DMPO-hydroxyl radical
adduct (DMPO/*OH) [19], in which the unpaired electron interacts with
one N (3 lines) and one H (2 lines), but the hyperfine splitting constants
of the two atoms coincide, resulting in a four-line spectrum with relative
heights of 1:2:2:1 (Fig. 3A), instead of a six-line spectrum (3 x 2) of the

B. aap semiquinone complexed with Mg?*
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Fig. 3. A. EPR spectrum of the DMPO/®OH radical
adduct in phosphate buffer, pH 7.4 obtained from
spin trapping experiments with DMPO in macro-
phages pre-treated with buthionine sulfoximine
(BSO) and subsequently with peroxynitrite [83]. B.
EPR spectrum of 5,6-dihydroxy-8-aminoquinoline
(AQD) semiquinone (a metabolite of the antima-
larial primaquine) complexed with Mg*? ions (top
spectrum) and its computer simulation (bottom
spectrum) [20]. The simulation was performed in a
small computer by considering the following hyper-
fine constants: ay = 1.87 G, ay = 0.134 G, ay = 2.34
G (2H), ag = 0.92 G, ag = 0.51 G (2H), ay = 0.29 G
[20].

-
-

same height.

Therefore, to identify a radical by its EPR spectrum, one considers
the number of lines and the relative height of these lines, which reveal
the nuclei with magnetic moment interacting with the unpaired elec-
tron. In the case of complex EPR spectra, simulation programs help
interpreting them. For instance, autoxidation of 5,6-dihydroxy-8-amino-
quinoline (AQD), a metabolite of the antimalarial primaquine, led to
detection of a well-resolved and complex EPR spectrum in the presence
of Mg*2 ions (Fig. 3B). The spectrum was assigned to the semiquinone of
the AQD complexed with Mg*? based on a reasonable computer simu-
lation of the spectrum (Fig. 3B) and additional data showing redox
cycling of the corresponding quinone [20]. The hyperfine constant
values extracted by the correlation method [21] are shown in the legend
of Fig. 3, but they were not assigned to specific magnetic nuclei because
this would require synthesis of the compound with isotopic substitutions
(*N and ?H) [22].

Up to this point, we emphasized that EPR reveals the presence of
radicals and provides information about their chemical structure and
concentration. However, EPR spectra are very sensitive to the physical
properties of radical microenvironment, such as viscosity, polarity and
presence of other paramagnetic species [14,15]. A few of these aspects
will be presented below, but not in depth because they are beyond the
scope of this review focused on the detection of biologically relevant
radicals and metal ion complexes.

3. EPR methodologies to investigate biologically relevant
radicals

It would be easy to detect and characterize radicals of biological
interest by EPR if they were all as stable (long-lived) as the ascorbyl
radical (a natural product) (Fig. 2C) and tempol (a synthetic compound)
(Fig. 2D) that are stabilized by electron delocalization. The vast majority
of radicals of biological interest has extremely short half-life in aqueous
solutions at room temperature and even shorter in crowded physiolog-
ical environments. Not surprisingly, the EPR spectra shown for the
biologically relevant radicals CO3~ (Figs. 1 and 2A), HO® (DMPO/*OH)
(Fig. 3A) and AQD semiquinone (Fig. 3B) were obtained using additional
methodologies associated with EPR. The estimated half-life of HO® and
CO%™ in physiological conditions are 1 x 10~° s [23,24] and around 1 x
1079 s [25], respectively. Although AQD semiquinone (Fig. 3B) is sta-
bilized by electron delocalization, its half-life was not much longer than
30 s because it was impossible to acquire its well-resolved EPR spectrum
in the absence of Mg?' ions [20]. Additionally, biological systems
generate radicals at relatively low rates as compared with chemical,
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Table 2
Summary of EPR and associated methodologies and corresponding advantages and drawbacks.

Method Advantages

Drawbacks

Direct EPR (solutions)
a. static provides radical structure
requires small samples

b. continuous applicable to short lived radicals (t;,» > 107°s)

applicable to long-lived R*! (t; 5 > 30 5)

requires large samples; does not detect O3, HO®

flow and RS®
Direct EPR applicable to short lived R®; quite limited use for organic radicals due to
(frozen) requires small samples. provides structural hints for metal-complexes such as those of NO* anisotropy
EPR spin trapping ~ wide application (test tubes, indirect method; structural information may be
cells and animals); requires limited

small samples; detects O3~; HO®; RS®; detects low and high MW! R®; can be complemented by other

techniques (MS', MRI',
immunodetection, isotopic labeling)

Spin scavenging wide application; requiressmall samples

not specific for radicals; no structural
information

I Abbreviations R®, generic radical MW; molecular weight; MS, mass spectrometry; MRI molecular resonance imaging.

radiolytic and photolytic processes. Since most radical metabolites are
produced at low rates and rapidly react with biotargets, they do not
reach steady-state concentrations greater than the detection limit of the
EPR instrument, usually between 0.01 and 1 pM, depending on the
specific radical. The number of lines of the radical spectrum is particu-
larly relevant for its detection because each hyperfine splitting divides
signal intensity. For instance, the many lines of the AQD semiquinone
spectrum indicate that a high steady-state concentration of it is neces-
sary for the acquisition of a well-resolved EPR spectrum (Fig. 3B).

flat cells

artz tube

front view
lu

Therefore, complexation with Mg?" ions was employed to stabilize the
semiquinone, because previous studies had shown that
ortho-semiquinones are stabilized by complexation with Mg?* or Zn™2
ions [26,27].

In fact, different EPR derived methodologies were developed to in-
crease the steady-state concentration of biologically relevant radicals to
permit overcoming the detection limit of the EPR instrument. The most
common methodologies will be discussed below and are summarized in
Table 2, together with their specific advantages and drawbacks. The

Fig. 4. A. Photo showing the sample containers for EPR experiments as specified. B. Photo of a sample in a flat cell being introduced in a standard cavity of a EMX
instrument from Bruker. C. Photo of the settings for a continuous flow EPR experiment using a Bruker ER mixing resonator (4117 D-MTV). All the photos are from the
personal archive of the authors.
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applicability of each EPR derived methodologies has to be evaluated on
a case-by-case basis.

3.1. Direct EPR of samples in solution: static measurements

Direct and static EPR refers to the situation in which the sample is
introduced in the cavity of the EPR instrument and spectra scanned at
different times or not. Enzymatic and chemical reactions may be started
just before introduction of the sample into the cell and the instrument
cavity (Fig. 4A and B). The instrument can then provide the EPR spec-
trum of the steady-state concentration of the produced radical at
different times. Sampling time can be reduced by aspirating the sample
to the flat cell already in the cavity or by commercial rapid samplers
(stopped-flow) [28,29].

The sample volume is small (20-200 pL) in the case of biological
samples at room or physiological temperatures because water is
extremely lossy at microwave frequencies. Therefore, capillaries are
used or flat cells, in the case of volumes higher than 30 pL (Fig. 4A). In
the case of rapid samplers, higher volumes are used to fill the connec-
tions from sampling to cells. Since optical dispersion is not a limitation
to achieve an optimal signal to noise ratio, packed cells or high protein
concentration of organelles or purified proteins can be used. These high
concentrations may increase the rate of radical formation and, thus the
steady-state radical concentration, facilitating its detection. The use of
small aqueous samples can be advantageous for precious biological
samples.

As previously mentioned, the major problem is that only a few bio-
logically relevant radicals are long-lived enough to be detectable by
steady-state static EPR at room temperature. Those that are detectable
are stabilized by electron delocalization, and include the one-electron
oxidation product of two important natural antioxidants, the ascorbyl
radical (see above) (Fig. 2C) and the a-tocopheroxyl radical generated
from a-tocopherol (a component of vitamin E).

Phenolic antioxidants derived from plants (flavonoids, hydrox-
ycoumarins, hydroxyantraquinone, etc.) and synthetic ones suffer one-
electron oxidation to semiquinones that, depending on structural fea-
tures, are detectable by direct and static EPR. In some cases, detection
requires rapid sampling, stabilization by complexation with metal ions
(Zn%*/Mg?"), pH change or DMSO addition [30,31].

Also detectable by static direct EPR are radicals derived from
metabolism of many xenobiotics other than phenolic antioxidants,
including some medicines. These metabolically produced radicals have

PEIT ikt fyn b

|g=20109

Redox Biochemistry and Chemistry 5-6 (2023) 100009

Fig. 5. A. EPR continuous flow spectra of the tyrosyl
radical produced from mixing 2 mM peroxynitrite
and 3.7 mM tyrosine in the presence or absence of
CO; in 0.3 M phosphate buffer at the specified con-
ditions. The flow rate was 4 ml/min. Modified from
Ref. [51] with permission. B. EPR continuous flow
spectra of GSH-derived radicals produced from mix-
ing 5 mM peroxynitrite with equimolar or excess GSH
in the presence or absence of CO, as specified [52].
The flow rate was of 20 ml/min. The spectrum in red
is the computer simulation of the GSSG®~. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

106G

g=2.0134

been implicated in the toxic and/or therapeutic effect of the xenobiotic,
depending on the specific compound. Some of the produced radicals are
aromatic radical cations or anions that decay with rate constants on the
order of 10° M~! s™! and are pH-dependent. Radical cations, such as
benzidine cation radical, are more stable at acidic pH values whereas
anion radicals, such as antiparasitic nitro-compounds, are more stable at
basic pH value [32,33]. Therefore, selecting the pH facilitates detection
of these radicals by direct static EPR. Complexation with metal ions
(Zn**/Mg?*") (Fig. 3C) and rapid sampling may also be useful. It also
should be noted that many anion radicals react with oxygen to produce
03~. Consequently, anaerobic conditions may be required to achieve
steady-state concentrations above the detection limit of the EPR in-
strument [28].

Protein-tyrosine residues are frequently oxidized by one-electron
mechanisms to produce protein-bound tyrosyl radicals (P-Tyr®). Some
of these radicals participate in the catalytic mechanism of enzymes
while others are formed transiently during enzyme turnover or inhibi-
tion. Additionally, uncontrolled formation of protein-Tyr® is increas-
ingly seen as playing a role in the etiology of a range of diseases [34].
Protein-Tyr® located at sterically constrained environments may survive
long enough to be detectable by direct EPR at room temperature [35,
36]. Nevertheless, well-resolved EPR of protein-Tyr® usually requires
rapid sampling or stopped-flow [29], low temperature EPR [37] or spin
trapping (see 3.3. and 3.4.).

We should also mention synthetic cyclic nitroxides, which are easily
detectable by direct EPR because they are quite stable radicals due to the
three-electron bond between N and O atoms, and are even more stable if
a-substituents (such as methyl groups) preclude radical-radical dis-
mutation (Fig. 2C). Hindered nitroxides have long been employed as
spin probes (spin labels) in biophysical studies because of their stability
and paramagnetic nature [38-40]. More recently, cyclic nitroxides
started receiving attention as potential therapeutic agents because of
their pronounced antioxidant and anti-inflammatory properties and
their low toxicity in animal models of diseases [41-43].

3.2. Direct EPR of samples in solution: continuous flow measurements

The continuous flow EPR methodology permits to detect extremely
short-lived radicals (second order decay near the diffusion-controlled
limit) by drastically reducing the time between radical formation and
detection [44]. The major limitation to apply this methodology to
enzymatic reactions is the requirement for incredibly high flows rates
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(several ml/s depending on the instrumental settings) [45] and high
concentrations of enzymes with fast turnovers to attain radical con-
centrations above the limit of the EPR instrument. Even with the flow in
the range of tens ml/min, it is usually too expensive (for commercial
enzymes) or too labor intensive (for expressed enzymes) to apply this
methodology (Fig. 4C). Not surprisingly, there are few examples of
rapid-flow EPR in the study of enzymatic reactions [44,46,47].

The above limitation does not preclude the use of the methodology to
investigate processes of biological significance involving chemical sys-
tems [45]. Indeed, in a time when the formation of radicals from per-
oxynitrite was controversial [48], rapid flow EPR was crucial to
demonstrate that this oxidant reacts with CO, to produce the CO3~ in
considerable yields (approximately 35%) in parallel with NO3 [17,18].
Peroxynitrite is easily synthesized from inexpensive reagents [49,50].
Therefore, it was possible to employ the high flux rates (14-30 ml/min)
required to detect the EPR spectra of CO3~ (one line) and of 3cos™ (two
lines) (Fig. 1B and 2A, respectively) using a Bruker ER mixing resonator
(4117 D-MTV) (Fig. 4C). Soon afterwards, we detected a well-resolved
EPR spectrum of the Tyr® in incubations of Tyr (the amino acid tyro-
sine) in the presence of peroxynitrite/CO, at pH 7.4 (Fig. 5A, top
spectrum) [51]. In the absence of CO; or at pH 5.4 the signal intensities
were much lower, requiring a decrease in the spectrum resolution (by
using a higher modulation amplitude (2G)) to permit a better compar-
ison of Tyr® yields at different conditions. The experiments using 2 G
modulation amplitude (Fig. 5A, 2nd spectrum to bottom spectrum)
showed that in the presence of COs, the yield of the Tyr® at pH 7.4 was
twice that obtained at pH 5.4. Together with calculations, stable product
analysis and spin-trapping experiments (see 3.4.), the results shown in
Fig. 5A contributed to demonstrate that protein-tyrosine nitration oc-
curs by a radical mechanism [51]. Likewise, investigating the oxidation
of the important intracellular antioxidant GSH (glutathione) by perox-
ynitrite in the presence and absence of CO; and at pHs 7.4 and 5.4, we
detected the corresponding sulfinyl radicals (GSO®) using equimolar
concentrations of thiols and peroxynitrite/CO2 (Fig. 5B). Using GSH
concentration five times higher than that of peroxynitrite, the corre-
sponding disulfide anion radical (GSSG*™) was detected (Fig. 5B, bottom
spectrum). The oxidation of the amino acid Cys by peroxynitrite/CO5
provided similar results, with the detection of the corresponding CysSO*®
and CysS-SCys®~ radicals. Taken together with several other experi-
ments, these EPR results demonstrated that at neutral pHs, CO diverts
peroxynitrite-mediated oxidation of thiols from two-to one-electron
mechanism [52].

Another interesting example of the application of continuous flow
EPR was the elucidation of the mechanism responsible for the syner-
gistic protection of low density lipoprotein (LDL) against oxidation by
three antioxidants (a-tocopherol, caffeic acid, and ascorbate) [53]. The
authors examined redox cycling among the three antioxidants by EPR. In
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Fig. 6. A. EPR spectra of di-t-butyl nitroxide
randomly and rigidly oriented in a frozen solution
(top spectrum) and EPR spectrum of di-t-butyl nitro-
xide in aqueous solution pH 7.0 (bottom spectrum).
The spectra are simulations created with the software
WinEPR SimFonia (Bruker) using g and hyperfine
constant values from the cited refs. [15,61] B. EPR
spectra of DBNBS protein radical adducts obtained
from the oxidation of lysozyme (Lysoz) (top spec-
trum) or ribonuclease (Rnase) (bottom spectrum)
promoted by myeloperoxidase. The incubations con-
tained myeloperoxidase, 10 (U/ml), H,O, (1 mM)
and NO3 (1 mM), DBNBS (10 mM) and lysozyme
(0.35 mM) or ribonuclease (0.35 mM) in acetate
buffer, pH 5.4; the spectra were scanned after 30 min
of incubation at 37 °C. Modified from Ref. [81] with
permission.

the case of a-tocopherol and ascorbate, static EPR was used since their
corresponding radicals are long lived (see 3.1). Redox cycling of caffeic
acid, however, required continuous flow EPR due to the short half-life of
caffeic acid semiquinone. Taken into consideration the obtained results
and the physicochemical properties of the three antioxidants, the au-
thors concluded that the synergistic protection against LDL oxidation
was due to sequential transfer of the unpaired electron from
alfa-tocopheroxyl radical in the lipid phase to caffeic acid at aqueous:
lipid interface and the final reduction of caffeic semiquinone radical by
ascorbate with formation of ascorbyl radical in the aqueous phase [53].

Despite the utility of continuous flow direct EPR to investigate pro-
cesses of biological significance, an important drawback is the impos-
sibility of detecting biologically relevant radicals, such as O3, HO® and
RS* (thiyl)) radicals in aqueous solution at room temperature due to the
characteristics of these radicals (short lifetime and broad linewidths)
[54,55]. In the case of GSH and Cys oxidation by peroxynitrite/CO5
(Fig. 5B), it was demonstrated that the corresponding RS® were the
precursors of the RSO® and RSSR*™ radicals by EPR spin trapping ex-
periments [52]. This technique also allows the detection of 03~ and HO®
(see 3.4.).

3.3. Direct EPR: frozen samples

The initial phase of reactions can be analyzed if the reaction is
stopped by rapid freezing and the EPR spectra scanned. The method was
developed by Bray and applied to the detection of O3~ during xanthine
oxidase catalysis [56,57].

The trapping of a radical in a solid matrix at low temperature pre-
cludes its decay reactions, increasing radical life-time. Sample tissues
can also be investigated by freeze clamping the tissues with tongs cooled
in liquid nitrogen or, in the case of liquid biological samples, by rapidly
freezing them in liquid nitrogen. The frozen sample in a quartz tube can
be introduced in a nitrogen dewar (full with liquid nitrogen) and the
whole system introduced in the cavity for scanning the EPR spectrum
(EPR detects only paramagnetic material and thus, it can be performed
with turbid solutions and with solids) (Fig. 4A). The time spent between
taking the sample and freezing it may favor the detection of long-lived
species, such as iron nitrosyl complexes [58]. Manipulation of tissue
samples should be avoided because cutting, grinding, homogenization
and lyophilization are all known to introduce artifacts that may be
difficult to control [59]. Interestingly, it was recently shown that me-
chanical stress on collagen produces radicals and, subsequently, HyOo
[60].

The major drawback of frozen samples is the interpretation and
assignment of the resulting EPR spectra. Indeed, when a radical is
immobilized in a frozen matrix a multitude of superimposed spectra
(one for each orientation of the radical in the magnetic field) lead to
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Fig. 7. A. Schematic illustration of the basis of the spin trapping method. B. EPR spectrum of the DMPO/®SG radical adduct accompanied by its structure, fork
scheme and hyperfine splitting constants. C. The same as B. for the DMPO/®CHj3 radical adduct. The spectra are simulations created with the software WinEPR

SimFonia (Bruker) using the specified hyperfine constants.

broad and composite line(s) centered at g around 2.0. Indeed, one of the
unique characteristics of EPR spectra is that in many cases the g values
(8xx> &yy> 822) and hyperfine constant values (ax, ayy, a;) depend on the
direction of the magnetic field relative to the molecular axes (Fig. 6,
inset). This spectral anisotropy was not discussed before because we
were addressing relatively small free radicals in aqueous solutions. The
rapid and random rotation of these small radicals in a non-viscous sol-
vent, such as water, averages all the hyperfine constant and g values,
yielding EPR spectra with narrow linewidths in which the hyperfine
constants are well-resolved and the spectra can be interpreted in a
relatively simple manner as discussed above. In fact, the EPR spectrum
of di-t-butyl nitroxide in a non-viscous solvent (Fig. 6A bottom spec-
trum) shows the characteristic isotropic three-line spectrum of a nitro-
xide radical (compare with Fig. 2D), from which the isotropic ay value is
easily obtained. However, di-t-butyl nitroxide randomly and rigidly
oriented in a frozen solution yields a spectrum with much broader and
distorted lines, reflecting spectra from all different directions (with the
corresponding (gxx. &yy, &2z and axx, ayy, az;) values superimposed
(Fig. 6A, top spectrum) [15,61]. In the latter case, only the largest hy-
perfine splitting can be measured (az;) because the main molecular axis
of a nitroxide radical is in the z direction, since the unpaired electron is
principally localized in the px orbital on the N atom (Fig. 6A, inset). The
anisotropy of EPR spectra is the basis of the spin labeling method. It is
also crucial to interpret the EPR spectra of transition metal ions (see 4.)
and to recognize spin trapping of biomolecule-derived (or high molec-
ular weight) radicals (Fig. 6B) (see 3.4.).

In the case of low temperature EPR, the spectral anisotropy is not
necessarily a problem in systems with only a single or few components
(for instance, studies on isolated enzymes), but it can be a major problem
in a complex biological system, except in the case of metal ions and
metal ion complexes.

3.4. EPR spin trapping

Initially developed to facilitate the detection of radicals in chemical
systems [62,63], EPR spin trapping became the most successful meth-
odology to detect radicals in biological systems including cells, organ-
elles and experimental animals [64,65]. In a EPR spin trapping
experiment, a transient radical reacts with a spin trap (usually a nitrone
or a nitroso compound) to produce a more stable radical adduct (a
nitroxide) that accumulates and reaches concentrations detectable by
EPR (Fig. 7A). The method is indirect since the detected radical is not the
primary radical, but a radical adduct, bringing in some limitations that
should be taken into consideration. Nevertheless, the EPR spin trapping
methodology has numerous advantages when judiciously applied. It
requires small samples and permits detection of radicals of great bio-
logical interest with characteristics (short lifetime and broad linewidths)
that preclude their detection in aqueous solution at room temperature
by other EPR methodologies. Examples include O3~ (Fig. 7A), HO®
(Fig. 2A), ROO*® (peroxyl) [55] and RS*® radicals (e.g. glutathionyl (GS®)
and cysteinyl (CysS®) (Fig. 7B) [52,66]. The technique also permits
detection of high molecular weight radicals, such as those produced
from the one-electron oxidation of biomolecules (proteins, DNA, lipids
and polysaccharides) [67,68].

As mentioned above, two-types of spin traps have been mostly used,
nitrone and nitroso spin traps (Fig. 8A). Among the first, we included in
the figure the nitrones, DMPO (5,5-dimethyl-1-pyrroline N-oxide) and
DEPMPO (5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide) and the
acyclic nitrone, POBN (POBN (a-(4-pyridyl-1-oxide)-N-tert-butylni-
trone) and PBN (N-tert-butyl-a-phenylnitrone), which is similar but
more hydrophobic than POBN. Among the nitroso spin traps, those that
have been most used are MNP (2-methyl-2-nitrosopropane) and DBNBS
(3,5-dibromo-4-nitrosobenzene sulfonic acid).
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Fig. 8. A. Structure of the commonly used spin traps as specified. B. EPR spectrum of the POBN/®CHj radical adduct accompanied by its structure, fork scheme and
hyperfine splitting constants. C. The same as B. for the MNP/®CHj3 radical adduct. In the latter case, the fork scheme was incomplete and with a different color for the
splitting of each H nucleus for clarity. The spectra are simulations created with the software WinEPR SimFonia (Bruker) using the specified hyperfine constants.

Nitrone spin traps form long-lived adducts with a wide range of
radicals (C-, O-, S- and N-centered radicals) and have low toxicity [69,
701, justifying their extensive use in experimental animals [64,71,72].
However, since the radical adds to the C atom adjacent to the incipient
nitroxide group, eventual magnetic nuclei present in the radical will be
too distant from the nitrogen-oxygen orbital containing the unpaired
electron (Fig. 6, inset) to influence the radical adduct spectrum (Fig. 7A;
7B; 8B). Consequently, most radical adducts have similar spectra, six
lines of the same intensity (1 N and 1H) and small variations in g, ay and
ay values, with some exceptions. For instance, the cyclic nitrones DMPO
and DEPMPO reacting with O- and S-centered radicals render radical
adducts showing considerable variations in the ay values (compare
Figs. 2A, 7A and 7B). However, these variations do not hold for distinct
C-centered radicals, such as DMPO/*CH3 (Fig. 7C) and, for instance,
DMPO/*CHOHCH3 (ay = 16.1 G; ag = 23.0 G) [73]. DEPMPO radical
adducts have an additional coupling due to the presence of an additional
magnetic nucleus, P (I = !4) (Table 2), which has a large hyperfine
splitting constant (around 50 G) [74]. The acyclic nitrones PBN and
POBN give quite stable radical adducts, but all of them have similar
6-line spectra with subtle variations in both ay and ay values (see, for
instance, Fig. 8B).

In contrast to nitrone spin traps, nitroso spin traps give long-lived
radical adducts almost exclusively with C-centered radicals and MNP
is light sensitive and prone to artifacts [55,63]. Nevertheless, since the
radical adds directly to the N of the incipient nitroxide group, eventual
magnetic nuclei present in the radical are close enough to interact with
the free electron, resulting in additional hyperfine couplings in the EPR
spectrum of the radical adduct and, consequently, in more structural
information about the trapped radical. This is exemplified in Fig. 8C that
shows the structure, the partial fork scheme (for clarity) and the EPR
spectrum of the MNP/*CHj3 radical adduct, resulting from the addition of

°CH3 to MNP. The spectrum is a triplet (1:1:1) of quartets (1:3:3:1)
resulting from 1 N to 3 equivalents H, respectively. Therefore, for
trapping C-centered radicals in vitro, nitroso spin traps might be a good
choice because they provide more information about the identity of the
trapped radical and usually react more rapidly than nitrone spin traps
[16]. However, in experiments with cell cultures and animals, nitroso
spin traps should not be used because they are highly toxic [70].

Up to this point we summarized the fundamentals of spin trapping,
exemplifying radical adduct formation, spectra and EPR parameters (ax
and ay values) for different radical adducts in aqueous solutions (Figs. 7
and 8). However, it should be emphasized that the ay and ay values of
each radical variy depending on the solvent (environment) in which it is
in. A compilation of the parameters (ay and ay values) of radical adducts
for each available spin trap with radical intermediates reported in the
literature in various solvents is found at the NIEHS website: https://tools
.niehs.nih.gov/stdb/index.cfm. Such compilation may help in the
interpretation of EPR spectra obtained in spin trapping experiments.

The choice of an adequate spin trap is crucial for the success of spin
trapping experiments as resumed above. If there are previous hints that
the radical of interest is an O-centered radical, there is no use in trying
nitroso spin traps to detect it. Cyclic nitrones, DMPO or DEPMPO would
be better choices.

The case of O3 is a special one. Not particularly reactive towards
organic molecules, O3~ also reacts with all spin-traps with quite small
second order rate constants (in the range of 1 to <100 Mt s’l), pro-
ducing short-lived superoxide radical adducts [16]. The advantage of
DEPMPO over DMPO is the higher persistence of the DEPMPO/*OOH
(approximately 15 times at pH 7.0) as compared to that of DMPO/*OOH
[74]. In addition to DEPMPO, there are other cyclic nitrone spin traps
that are able to give radical adducts of O3~ that are more persistent than
DMPO/®OOH in chemical and enzymatic systems [16,75]. In cells, the
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persistence of O3~ radical adducts likely depends on cell type and the
inducer of O3~ production [75].

It should be added that O3~ superoxide radical adducts are hydro-
peroxides (see, for instance DMPO/*OOH, Fig. 7A), which can be
reduced by chemical and cellular reductants, producing the corre-
sponding hydroxyl radical adduct (DMPO/°OH (Fig. 3A) in the case of
DMPO/*OOH). Consequently, spin trapping experiments with DMPO
anticipated to show O3~ formation, may display only the DMPO/*OH
spectrum (and the same is valid for DEPMPO and the other spin traps
developed to trap O37) [75]. In these cases, control experiments in the
presence of superoxide dismutase and catalase may help distinguishing
the source of the *OH radical adduct. The most extensively used spin
trap is DMPO and the DMPO/*OH can be produced not only from
trapping of the HO® and decay of DMPO/*OOH, but also from trapping
of the CO3™ (carbonate radical) [76,77]. Which radical is trapped can be
determined by control experiments in the presence of dimethyl sulfoxide
(DMSO) that does not react with CO3~, but reacts with *OH to produce
DMPO/*CHj (Fig. 7C), the EPR spectrum of which is distinctive from
that of DMPO/°OH (Fig. 3A).

Another special case is the signaling radical NO®. Unreactive towards
organic molecules [12], NO® also does not react with nitrone and
nitroso spin traps [78]. In contrast, nitronyl nitroxides, such as
carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoli-
ne-1-oxyl-3-oxide), have been used as NO® trapping agents [79]. These
radicals react with NO® to produce other radicals (iminonitroxides),
which have EPR spectra markedly different from that of the parent
nitronyl nitroxide, permitting the distinction between the two radicals
and detection of NO® formation [78]. Currently, nitronyl nitroxides are
more often used as NO® scavengers than detectors. And NO® is either
detected by methodologies unrelated to EPR [80] or is detected by direct
EPR as nitrosyl complexes from endogenous or exogenous iron centers
(see 4.1.).

Spin trapping of radicals produced from the one-electron oxidation
of proteins, nucleic acids and other high molecular weight biomolecules
render radical adducts, the EPR spectra of which are broad and char-
acteristic of slowly tumbling (partially immobilized) nitroxides (Fig. 6).
However, there are exceptions due to a number of factors, which have
been better studied in the case of proteins. It has been shown that the
mobility of protein radical adducts as assessed by the overall width of
the spectral features (the 2A,, value in Fig. 6) does not correlate with the
molecular mass of the protein [67,68]. For instance, spin trapping ex-
periments with DBNBS of the oxidation of two proteins, lysozyme
(Lysoz) (14.03 kDa) or ribonuclease (Rnase) (13.68 kDa), by
myeloperoxidase/H205/NO3 produced DBNBS/*Tyr-protein adducts of
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different mobility despite both proteins possessing similar sizes [81].
Indeed, the 2A,, of DBNBS/*Tyr-Lysoz (Fig. 6B top spectrum) was much
higher than that of DBNBS/*Tyr-Rnase (Fig. 6B bottom spectrum) (62.5
G and 27.4 G, respectively) [81]. This fact is consistent with the local
environment of the nitroxide moiety determining the overall mobility of
the adduct, rather than the tumbling rate of the protein as a whole [67,
68]. Nitroso spin traps were the most employed to investigate protein
radicals, particularly DBNBS because of its stability and higher water
solubility. DMPO has also been used, particularly to detect protein-thiyl
radicals [82,83].

Spin trapping alone cannot identify the protein residue in which the
radical is localized, but protein-radical adducts can be submitted to
enzymatic proteolysis and subsequently analyzed by HPLC-mass spec-
trometry to reveal the trapped protein residue(s) (see, for instance,
Ref. [84]). In the case of the experiments shown in Fig. 6B, an unspecific
tyrosyl residue of both proteins was inferred as the trapped radical from
the properties of the proteins and of their corresponding DBNBS radical
adducts [81].

It should be stressed that EPR spin trapping considerably expands its
horizons when associated with mass spectrometry (see, for instance,
Refs. [77,84,85]), isotopic labeling (see, for instance, Refs. [71,86]) and
immunological techniques alone [87,88] or associated with molecular
magnetic resonance imaging (mMRI) [89,90].

3.4.1. Spin trapping: experimental hints

As our goal is to encourage those new to the redox field to consider
EPR methodologies, we have included some experimental tips that are
available in the literature but are not always easy to find.

To favor the spin trap over endogenous targets for the primary
radical, usually high concentrations of spin traps (tents of mM and
hundreds of mM for nitroso and nitrone traps, respectively) are
employed in spin trapping experiments. Therefore, high purity spin
traps are crucial to avoid artifacts due to impurities, particularly para-
magnetic ones. Most commercial spin traps have high purity but
sometimes it may not be enough. DMPO can be purified by low pressure
distillation or through filtration of a concentrated DMPO aqueous so-
lution (10H20:1 DMPO v/v) through activated charcoal [91]. After
determination of the purified solution concentration (e234 = 7.70 X 108
M~ em ! in ethanol), it can be aliquoted under N5 and stored at 77 K till
use. MNP is commercially obtained as a solid dimer that dissociates to
the blue monomer in solution [63]. We usually make a stock solution of
MNP in acetonitrile that should be maintained protected from light,
before diluting it in the aqueous samples (also protected from light).
After trying several commercial batches of DBNBS without success, we

Table 3
Metalloproteins and g values.
Metalloprotein Metal ion g values Ref
Guanylate cyclase® Fe(III) g = 6.36, 5.16, and 2.0 [99]
Nitrosyl guanylate cyclase” Fe(Il) g = 2.76, 2.029, and 2.005 [100]
Methaemoglobin Fe(III) high spin-g=6 [101]
low spin - g = 2.855, 2.226,
and 1.794
Fe Superoxide Dismutase” Fe(III) g =4.7,4.0, and 3.7 [102]
Cu-Zn Superoxide Dismutase” Cu(ID) g = 2.265, 2.108, and 2.023 [103]
Photosystem II Mn(II-1V) clusters g = from 2 to 4 [104]
depending on S state
Xanthine Oxidase® Mo(V) g = 1.986, 1.968, and 1.966 [105]
[FeFe] hydrogenase (oxidized)® Fe(I-II) cluster g = 2.056, 2.008, and 2.008 [106]
Ferric uptake regulatory protein (reduced)” Fe(II-III) sulfur cluster g =1.91, 1.94, and 2.00 [107]
Hydroxylamine Fe(II-111) sulfur cluster g = 1.912, 1.876, and 1.793 [108]

Oxidase (DnfA)©

@ from bovine.

b from Escherichia coli.

¢ from unpasteurized cow’s milk.
4 from Chlamydomonas reinhardtii.
¢ Alcaligenes ammonioxydans.
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Fig. 9. Paramagnetic anisotropy illustrated with a simplified representation of metal complexes of A) Isotropic, B) Axial, and C) Rhombic symmetry. The N’ represent
an inequivalent nitrogen atom. The spectra are simulations created with the software WinEPR SimFonia (Bruker).

usually synthesize it for our use, employing a simple method previously
described [92].

In the case of spin trapping experiments with cells, organelles and
experimental animals, the possibility of reduction and oxidation of the
radical adduct should be considered. Indeed, radical adducts (nitroxides,
N-0°) can be reduced by cellular reductants to hydroxylamine (N-OH)
or oxidized by cellular oxidants to oxoammonium cation (NT=0), both
of which are no longer detectable by EPR (diamagnetic; EPR silent).
Reduction of radical adducts is apparently more frequent in cells and
biological fluids than oxidation [93]. Therefore, it may be a good
strategy to maintain cells in permeable tubes to maintain aeration or to
use a controlled atmosphere [75]. Likewise, in the case of in vivo spin
trapping experiments it may be relevant to treat samples of bile and
blood drawn from experimental animals with ascorbate oxidase (to
oxidize endogenous ascorbate). Alternatively, these samples may be
treated with Oy or with ferricyanide to re-oxidize eventually formed
hydroxylamines to the corresponding radical adducts [72,86].

3.5. Spin scavenging

More recently a method that has been called spin scavenging was
developed based on the rapid oxidation of hydroxylamines (which are
diamagnetic and therefore, EPR silent) by radicals to produce nitroxide
radicals [94]. Highly substituted 5- or 6-membered ring species are most
commonly used as they render persistent nitroxide radicals. These hy-
droxylamines typically react with O~ with much higher rate constants
than DMPO and DEPMPO and therefore, may be useful to detect O~
formation [95,96], particularly because superoxide dismutase addition
may prove O®~ formation. However, hydroxylamine oxidation to
nitroxides is mediated by a variety of radicals and other biological ox-
idants, such as transition metal ions and peroxidase enzymes [16]. This
complete lack of specificity considerably limits the applicability of spin
scavenging.

11

4. EPR of metal ion complexes and metalloproteins

Numerous metal complexes present in biological systems have been
identified, quantified, and structurally characterized thanks to EPR
spectroscopy. Different than radicals, transition metals can have more
than one unpaired electron (S = n/2, where n is the number of unpaired
electrons) generally located in d-orbitals. This localization results in a
strong interaction between the magnetic momentum and the orbital
angular momentum of d-electron(s). Also, the angular nature of d-or-
bitals can specifically interact with the metal ion ligands giving rise to
anisotropic EPR spectra that reflect the 3D electronic structure of the
complex [97,98]. Therefore, the g values (g, gy, &) for metal centers are
considerably different from that of the free electron and are markedly
defined by the direction of the magnetic field relative to the molecular
axes of the complexes, their geometry and nature of the metal ligands
(Table 3).

To exemplify, we may consider a single crystal of a metal complex (S
= 1/2) presenting an octahedral structure with six identical ligands
(Fig. 9A) positioned at different orientations of an external magnetic
field. It will give rise to an isotropic EPR signal (gx = g, = g;). However,
the signal shape changes in cases where the octahedral structure is
maintained, but the ligands are different such as in ferric heme struc-
tures, like ferric hemoglobin, ferric guanylyl cyclase, or ferric cyto-
chrome c. In these complexes, the low-spin ferric heme (S = 1/2)
exhibits a porphyrin in xy plane (simplified in Fig. 9B by four N at equal
distance from Fe) and N (His) and L (variable ligand) as axial ligands (z-
axis). When axis x or y of this complex is placed parallel to an external
magnetic field, the values of g, and g, are equal because the simplified
porphyrin plane structure is symmetric. Meanwhile, when the z-axis is
placed along the external magnetic field, the g, will have a different
value determined by N and L ligands resulting in an axial spectrum (g, =
g # g or gL and g,). If the porphyrin N are not equivalent (Fig. 9C),
either because of the presence of different substituents in the porphyrin
ring or because of specific surrounding chemical interactions, then the
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Fig. 10. Representative low-temperature EPR spectra of: A) Hemoglobin-
nitrosyl complexes obtained in blood taken by cardiac punction from rats 6 h
after LPS (0.8 mg/kg) administration [105]. B) Iron dithiol dinitrosyl com-
plexes obtained from footpads of resistant mice infected with L. amazonensis
[58]. Both spectra were modified from the cited references with permission.

EPR signal becomes rhombic (g, # g, # g;). Most of the metal complexes
of interest to biology are not analyzed as a single crystal, but rather as a
powder, a frozen solution or even in room temperature solution. Frozen
solutions at very low temperature (<77 K) are usually preferred due to
spin-orbital coupling and other factors contributing to the short relax-
ation time (to decay from the high to the low energy state) of electron
spins.

In addition to the electronic configuration (number of unpaired
electrons), the geometry of the complex and the nature of the ligands,
the EPR signal for transition-metal ions can also exhibit hyperfine
interaction between the unpaired d-electron(s) and surrounding nuclei
with magnetic moment (Table 1), characteristics that very often make
the interpretation of EPR spectra for metal ions more complex than for
radicals.

4.1. EPR of NO*-iron complexes

These EPR spectra are a good model to exemplify how the singular
EPR signal shape of metal ion complexes can become a valuable strategy
to detect, quantify, and characterize metalloproteins in biological
media. Since NO® is highly reactive towards metal centers, it is detect-
able by direct EPR of frozen tissues and cells as nitrosyl complexes of
endogenous heme and non-heme iron (arising from the iron-sulfur
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A.

Fe'(NO)(Cysteine),

Cysteine-DNIC

B.
Cysteine-DNIC

DMPO/*SCys

—— Peroxiredoxin-DNIC
Cysteine-DNIC

Fig. 11. Representative room temperature EPR spectra A) acquired during the
cysteine-DNIC assembly 0.1 s after mixing a solution of NO*® with a solution of
Fe(II) and Cys in a continuous flow cavity (see Fig. 4C). B) acquired using a flat
cell immediately after the mixing of Fe(II), NO®, Cys and the spin trap DMPO.
The inset shows the expanded region of the EPR signal of the DMPO/*Cys
radical adduct. C) acquired using a flat cell for the low-molecular-weight
cysteine-DNIC and the peroxiredoxin-bound DNIC as specified. The spectra
shown in A) and B) were modified from Ref. [66] with permission.
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clusters or the labile iron pool), particularly in rodents, which have a
robust NO® component in their infectious and inflammatory responses
[58,78,109].

The reaction of ferrous heme and NO® gives rise to nitrosyl heme
complexes, such as the nitrosyl hemoglobin (Hb(Fe")NO) detected by
EPR in blood taken by cardiac punction from rats that had NO® pro-
duction trigged by LPS administration (Fig. 10A) [110]. This figure
shows a rhombic spectrum, due to electronic configuration, geometry,
and ligand nature (Fig. 9C), which also exhibits a defined three-line
hyperfine splitting in the z-axis as a consequence of the hyperfine
interaction between the unpaired d-electron and the N (I = 1) from
NO® [111,112]. Another example is the characteristic axial EPR signal
at g = 2.03 (Fig. 10B) ubiquitously found in cells and tissues under
conditions of inducible NO® synthase (iNOS) activation [58,113,114].
Such signal results from the reaction between NO*® and non-heme irons,
such as the labile iron pool and iron-sulfur clusters, which have as final
products dinitrosyl iron complexes (DNICs, FeI(NO)z(RS)z). The DNICs
are abundant NO® metabolites described as {FeI(NO‘)z}g, in which the
spins of the two NO® (S = 1/2) and the Fe! (S = 3/2) are antiferro-
magnetic coupled to give S = 1/2. Antiferromagnetic coupling occurs
when the metal center electrons have spins in opposite direction to other
system spins, generating a smaller total spin [115,116].

EPR spectroscopy associated with the methodological approaches
described before was fundamental to elucidate the mechanisms of DNICs
formation, determine DNICs levels, and ligand composition [66,
117-121]. For instance, direct continuous-flow EPR was employed to
acquire spectra 0.1 s after mixing solutions of NO® and Fe(II) with thiols.
The obtained spectra exhibited a triplet signal at g = 2.04, allowing to
identify the Fe! mononitrosyl complex (FeI(NO)(RS)z) as the precursor of
DNIC (g = 2.03) formation (Fig. 11A). Also, spin trapping and static
direct EPR combined demonstrated the parallel formation of DNICs and
thiyl radicals, the latter was detected by formation of the corresponding
DMPO/RS® adducts (Fig. 11 B) [66].

Direct EPR at room temperature can distinguish low molecular
weight DNICs and protein-bound-DNICs based on the anisotropic
properties [118,121,122]. Fig. 11C shows that room temperature EPR
spectra of DNICs containing glutathione as ligand (DNIC-GS) exhibit a
single symmetrical line at g = 2.03 because in aqueous media at room
temperature the rapid tumbling of this molecule generates a fully
averaged or isotropic g value. In contrast, DNICs containing proteins,
such as albumin, glutathione transferases, or peroxiredoxin 1 as ligand
exhibit anisotropic EPR, since the coordination of a high molecular
weight molecule results in a slower rotation rate [118].

The high reactivity between NO® and metal centers was used to
develop NO'—traps such as water-soluble Fe(II) dithiocarbamate com-
plexes (e.g. those derived from diethyldithiocarbamate (DETC) and N-
methyl-p-glucamine (MGD)) which interact with NO® to produce EPR-
detectable complexes at room temperature and have been extensively
used in vitro and in vivo to quantify NOe (reviewed in Refs. [78,123]).
Associated with isotopic substitution (**N by !°N), this methodology
permits to distinguish whether NO® is being produced primarily from
arginine oxidation (via nitric oxide synthases) or NO; or NO3 reduction
[124].

5. Other applications of EPR related to the redox field

Many EPR applications that are of interest to investigators in the
redox field were not presented to maintain the focus on the main ob-
jectives of this review, but some of them deserve mention. For instance,
EPR oximetry due to the great influence of Oy concentrations on redox
reactions and the fact that homeostasis of aerobic organisms depends on
optimal cellular and tissue O levels. As the name suggests, EPR oxim-
etry refers to the measurement of Oy concentration by EPR [125].
Although Oy occurs naturally as a triplet radical (has two unpaired
electrons in the ground state), it is not directly detectable by EPR when
dissolved in liquids due to its extremely short relaxation time. Therefore,
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measurements of Oy concentration by EPR require the use of a stable
radical (spin probe). O, interacts with the spin probe (spin-spin inter-
action), resulting in the broadening of the linewidths of the EPR signal of
the probe in a manner that makes the linewidths linearly correlate with
O, content (concentration or pressure) [126]. An easy way to observe
the effect of O, concentration on the linewidths of the EPR spectrum of a
spin probe is to compare the linewidths of a stable nitroxide in aqueous
solutions and in benzene, which contains roughly 10 times more dis-
solved O, than water at standard atmosphere. Historically, EPR oxim-
etry started with the observation of the effect of oxygen concentrations
on the EPR spectra of a spin label in 1976 [125]. Since then, EPR ox-
imetry has continuously evolved with the development of novel spin
probes, methods and instrumentation, mainly due to the many clinical
potentialities of the technique [125,126].

We mentioned before that hindered nitroxides have long been
employed as spin probes (spin labels) in biophysical studies constituting
the basis of the spin labeling technique (see 3.1.). Initially, covalent
modification of lipids at specific sites with spin labels to study the
properties of membranes was more widespread [38-40], but soon
similar modifications in proteins became common [127,128]. Not sur-
prisingly, the spin labeling technique has also been used to approach
questions of interest to redox investigators. For instance, the interaction
among O3 and spin probes stimulated the incorporation of spin labeled
lipids in membranes to study O, diffusion through membrane models
[129] and biological membranes [130,131]. The localization of vitamin
E in membranes and the mechanism by which it protects against lipid
peroxidation was examined by incorporating spin labeled lipids in li-
posomes [132]. Other examples are available in the literature, such as
the incorporation of a spin labeled lipid in membranes of: (i) rat brain
synaptosomes and mitochondria to follow the effect of caloric restriction
on membrane fluidity and oxidation [133]; (ii) erythrocytes of hyper-
tense patients to study NO*® effects on membrane fluidity [134].

6. Conclusion

There are many excellent reviews about the detection of free radical
metabolites by EPR in the literature and some of them are included in
the references. The difference here is that we attempted to explain in a
didactic manner not only the EPR phenomenon, but also the interpre-
tation of the EPR spectra of radicals, metalloproteins and transition
metal ion complexes. We certainly oversimplified several aspects, but
provided references to fill the gaps we left. Our goal was to introduce
EPR methodologies to the beginners in the redox field, in particular to
those in the field of redox biology that is overlooking EPR as pointed out
in the introduction. However, EPR methodologies contributed to
development of the redox area since its early days and will certainly
contribute to its future advances. Afterall, the uniqueness of EPR spec-
troscopy in identifying and quantifying (within reasonable limits) free
radicals, metalloproteins and transition metal ion complexes makes it
essential for studying redox mechanisms underlying chemical as well
biological phenomena.
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