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Abstract

It has been previously reported that the spin trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO) can
form stable radical adducts with superoxide radical. However, the presence of diastereomers of DEPMPO radical adducts and
the appearance of superhyperfine structure complicates the interpretation of the ESR spectra. It has been suggested that the
superhyperfine structure in the ESR spectrum of DEPMPO/OOH is a result of conformational exchange between
conformers. The analysis of the temperature dependence of the ESR spectrum of DEPMPO/OOH and of its structural analog
DMPO/OOH have demonstrated that both ESR spectra contain exchange effects resulting from conversion between two
conformers. Computer simulation calculates a conformer lifetime on the order of 0.1 us for DMPO/OOH at room
temperature. However, temperature dependence of the ESR spectrum of DEPMPO/OOH suggests that superhyperfine
structure does not depend on the conformational exchange. We have now found that the six-line ESR spectrum with
superhyperfine structure should be assigned to a DEPMPO-superoxide-derived decomposition product. Therefore, ESR
spectra previously assigned to DEPMPO/OOH contain not only the two diastereomers of DEPMPO/OOH but also the
decomposition product, and these spectra should be simulated as a combination of four species: two conformers of the first
diastereomer, one conformer of the second diastereomer and the superoxide-derived decomposition product. The presence of
four species has been supported by the temperature dependence of the ESR spectra, nucleophilic synthesis of radical adducts,
and isotopic substitution experiments. It is clear that to correctly interpret DEPMPO spin trapping of superoxide radicals, one
must carefully consider formation of secondary radical adducts.
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Introduction insufficient for direct detection. Because, longer-lived

Superoxide radicals play a key role in oxidative radical adducts can be produced by reacting these
damage under different pathophysiological conditions ~ short-lived radicals with spin-traps (Scheme 1) [3,4],
[1,2]. However, they are very short-lived species, and the spin-trapping technique is uniquely important in
in most cases, the sensitivity of ESR spectroscopy is the study of the superoxide radicals [5,6].
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Scheme 1. Chemical structures of the spin traps.

Unfortunately, the detection of the superoxide
radicals has been very limited by the short lifetimes of
the radical adducts [5,6]. It has been reported that the
spin trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrro-
line N-oxide (DEPMPO) forms a very stable super-
oxide radical adduct with a characteristic ESR
spectrum [7-9]. However, analysis of these spectra
is complicated by the presence of two chiral centers at
the second and fifth positions (Scheme 1), producing
two chemically distinguishable diastereomers [10].

Moreover, it has been suggested that the ESR
spectrum of DEPMPO/OOH exhibits linewidth
alternation because of exchange between the two
conformers [8,9], complicating the analysis of the
ESR spectra even further. The appearance of super-
hyperfine structure in the ESR spectrum of DEPM-
PO/OOH was associated with linewidth alternation.
In this work, we have examined the temperature
dependence of the ESR spectra of DMPO/OOH and
DEPMPO/OOH and determined the effect of
conformational exchange, which results in the
appearance of asymmetry in the line shape but does
not affect the superhyperfine structure.

We also report here that ESR spectra previously
assigned to DEPMPO/OOH are likely to contain an
additional superoxide-derived decomposition pro-
duct. This product has a six-line ESR spectrum with
superhyperfine structure that is not present in the
signals from the diastereomers. We suggest that ESR
spectra previously assigned to DEPMPO/OOH
consist of the two diastereomers of DEPMPO/OOH
plus the newly identified decomposition product and,
therefore, should be simulated as a combination of
four species: two conformers of the first diastereomer
(80%), the second diastereomer (13%) and a super-
oxide-derived decomposition product (7%). The
presence of four species has been supported by the
temperature dependence of the ESR spectra, nucleo-
philic synthesis of radical adducts, and isotopic
substitution experiments. Clearly, the correct
interpretation of spin trapping of superoxide by
DEPMPO needs careful consideration of the for-
mation of secondary radical adducts.

Materials and methods

The spin trap 5-(diethoxyphosphoryl)-5-methyl-1-
pyrroline N-oxide (DEPMPO) was obtained from
OXIS (Portland, OR) and stored at — 70°C. Superoxide

dismutase (SOD) (EC 1.15.1.1) was acquired from
Roche (Indianapolis, IN). Spin traps 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) and 3,3,5,5-tetramethyl-1-
pyrroline-N-oxide (M4PO) were supplied by Alexis
Corporation (Liufelfingen, Switzerland). DMPO was
vacuum-distilled twice at room temperature and stored
under nitrogen at —70°C. Diethylenetriaminepentaa-
ceticacid (DTPA), manganese SOD (EC 1.15.1.1),and
xanthine were obtained from Sigma (St Louis, MO).
Xanthine oxidase was purchased from Roche Molecular
Biochemicals (Indianapolis, IN). Hydrogen peroxide
was from Fisher Scientific (Fair Lawn, NJ).

Superoxide radical generation

The xanthine oxidase superoxide-generating system
[11] contained xanthine oxidase, xanthine (0.5 M),
and DTPA (0.2mM) in 50mM sodium phosphate
buffer (pH 7.4) in the presence of 0.9% NaCl. The
rate of superoxide radical generation was determined
by the cytochrome c assay [12].

ESR experiments

All ESR samples were placed in a 10mm flat cell
(Wilmad, NJ). Spin trapping of superoxide was
carried out in 50 mM sodium phosphate buffer (pH
7.4) with 0.9% NaCl. In order to inhibit iron-
catalyzed reactions, DTPA (200 wM) was added to all
samples. ESR spectra were recorded using an ELE-
XSYS ESR spectrometer (Bruker BioSpin, MA) and
an SHQ microwave cavity.

In the experiments with 7O, and analysis of decay
of the radical adducts by subtraction of ESR spectra,
DEPMPO radical adducts were generated by the
xanthine oxidase superoxide-generating system with
slow flow for 2 min through the flat cells. Then the
reaction was stopped by purging the flat cell with
argon or nitrogen gas to remove oxygen from the
sample, thereby, stopping the formation of new
DEPMPO superoxide adduct and avoiding the line
broadening by oxygen concentration.

For DEPMPO samples, eight consecutive ESR
spectra were recorded, where each spectrum was
scanned with the following settings: field sweep, 120 G;
microwave frequency, 9.78 GHz; microwave power,
20 mW; modulation amplitude, 0.2 G; conversion
time, 20.5 ms; time constant, 20.5 ms; receiver gain,
1x10° (74 dB); number of points, 4096; number of
scans, 8. The ESR instrumental settings for exper-
iments with DMPO and M4PO were as follows: field
sweep, 80 G; microwave frequency, 9.78 GHz; micro-
wave power, 20 mW; modulation amplitude, 0.5 G;
conversion time, 167 ms; time constant, 167 ms;
receiver gain, 1 X 10°; number of scans, 4; and number
of points, 1024. ESR spin-trapping experiments were
repeated at least three times.
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Slow flow experiment

In order to minimize decay of the radical adducts and
obtain high-resolution ESR spectra with good signal-
to-noise ratio, we have acquired DEPMPO radical
adducts in the slow flow experiments. The solutions
from two syringes were mixed in a mixing chamber
using a Harvard Apparatus PHD 2000 pump. The
mixed solution was flowed through a Bruker AquaX
sample cell installed in an SHQ microwave cavity.
Spin trapping of superoxide radical was studied by
mixing a solution of xanthine oxidase with xanthine
plus DMPO or DEPMPO. Formation of radical
adducts was studied with various flow rates
(0.1-3ml/min) in order to achieve maximum ESR
signals. The effect of superoxide dismutase was tested
by adding Mn-SOD (50 U/ml) to both solutions. The
ESR instrumental settings for flow experiments with
the spin trap DEPMPO were as follows: field sweep,
120 G; microwave frequency, 9.78 GHz; microwave
power, 20 mW; modulation amplitude, 0.2 G; conver-
sion time, 83 ms; time constant, 83 ms and receiver
gain, 1 X 10° (74 dB).

Simulation of ESR spectra

Computer simulation of experimental ESR spectra was
used for the calculation of hyperfine coupling
constants. Programs for the simulation of ESR spectra
and the spin-trap database are readily available to the
public through the Internet (http://epr.niehs.nih.gov/).
The details of this computer simulation program have
been described elsewhere [13]. Hyperfine coupling
constants are expressed as an average of ESR
parameters obtained from computer simulations
using at least three experimental spectra, which
provides precision of not less than 0.05 G. A special
simulation was written in C++4 to generate ESR
spectra with exchange effects based on modified Block
equations.

Results
Effect of temperature on ESR spectra of DMPO/OOH

Previously, it had been proposed that the super-
hyperfine structure in the ESR spectrum of DEPM-
PO/ OOH was the result of conformational exchange
between conformers of one of the DEPMPO/OOH
diastereomers [8,9]. This exchange phenomenon is
one of the most fascinating effects that change EPR
line shape and linewidth. It takes place when chemical
or conformational exchange proceeds between two or
more free radicals on the ESR time scale. In order to
gain insight into the effect of conformational exchange
on the ESR spectrum of DEPMPO/OOH, we
analyzed the temperature dependence of the ESR
spectrum of its structural analog DMPO/OOH
(Figures 1-3).

At 4°C, DMPO/OOH produced an asymmetric
ESR spectrum that was transformed to a highly
symmetric spectrum at 67°C (Figure 1A and E).
Simulation of the spectrum at 4°C revealed the
presence of two conformers of DMPO/OOH
(Figure 1C and D). At 67°C, fast exchange between
these conformers led to a highly symmetric spectrum
of DMPO/OOH with a hyperfine coupling constant of
1.22 G on the y-proton (Figure 1G).

Recently, it has been suggested that DMPO/OOH
has no hyperfine coupling constant from the y- proton
but is rather a result of two conformers of
DMPO/OOH in slow exchange with distinctly
different hyperfine coupling constants from the
B-proton [14]. Actually, this proposal was originally
made by Buettner in 1990 [15]. According to this
hypothesis, fast exchange should eliminate this
coupling because the B-proton hyperfine coupling of
the two conformers would be averaged to a single
value. Instead, at 67°C, we see an averaged, highly
symmetric spectrum of DMPO/OOH with a well-
resolved vy-hyperfine coupling constant (Figure 1G).
These data support the presence of a hyperfine
coupling constant from the <vy-proton in the ESR
spectrum of DMPO/OOH similar to that of the
DMPO alkoxyl radical adducts [10].

For the correct simulation of conformational
exchange, there are two theoretical approaches: the
relaxation matrix method [16] and the modified Block
equation method [17]. Although, the modified Block
equation method does not consider the effect of
possible changes in the nuclear and/or electron spin
states during the reaction, it covers the full range of the
exchange rate from the rigid limit to fully averaged
spectra. Therefore, the modified Block equation
method has been chosen to treat the spectra in this
study. A program was written in C+4 to simulate
spectra acquired under 4°C, room temperature
(23°C) and 67°C. Two species with the following
parameters were used to simulate the spectra at all
three temperatures: aN=14.14 G, a1 =10.90G,
d1=138G and a™=14.14G, agl =11.83G,
a%l = 0.88 G. Simulation of the experimental spectra
revealed a slow-exchange limit lifetime of 10 s at 4°C
(Figure 2A and B), a conformational lifetime of 0.1 s
at 23°C (Figure 2C and D) and a fast-exchange limit
lifetime of 0.001 ps at 67°C (Figure 2E and F)
with averaged hyperfine coupling constants of
a™=14.14G, aff = 11.34G and d¥! = 1.22G. The
room temperature spectrum, Figure 2C, can be
simulated as two species, as was the slow-exchange
limit spectrum, at 4°C, but with significantly different
alg and aI;I. It is important to note that these partially
averaged parameters do not represent distinct species.
It is also important to note that the asymmetrical
ESR spectrum of DMPO/OOH at 4°C may not be
at the true slow exchange limit, but the freezing
point of water prevented the further lowering of the
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Figure 1.

Computer simulation of ESR spectra of DMPO/OOH radical adduct at low and high temperature. (A) ESR spectrum of sample

obtained by mixing 50 mM DMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine at 0.2 ml/min flow at 4°C. (B) Composite computer
simulation of spectrum (A). (C) Computer simulation of the ESR spectrum of the first conformer of DMPO/OOH in spectrum (A).
(D) Computer simulation of the ESR spectrum of the second conformer of DMPO/OOH in spectrum (A). (E) ESR spectrum of sample
obtained by mixing 50 mM DMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine at 0.5 ml/min flow at 67°C. (F) Composite computer
simulation of spectrum (E). (G) Computer simulation of the fast exchange ESR spectrum of DMPO/OOH in the spectrum (E). (H)
Computer simulation of the ESR spectrum of the minor component of DMPO/OH in spectrum (E).

temperature without changing the solvent. At 67°C,
the symmetrical ESR spectrum is typical of the fast
exchange limit between the two conformers.

Effect of temperature on ESR spectra of DEPMPO/OOH

The effect of temperature on the ESR spectrum of
DEPMPO/OOH (Figure 3) was less pronounced but
otherwise similar to its effect on the ESR spectrum of
DMPO/OOH (Figure 1). The asymmetrical ESR
lines at low temperature were transformed to lines
with higher symmetry at high temperature due to the
difference in hyperfine coupling constants of the 3-
protons of the two DEPMPO/OOH conformers
(Figure 3A-C), similar to DMPO/OOH (Figure 1).

However, the superhyperfine structure did not exhibit
a temperature dependence (Figure 3D-F). Computer
simulation of exchange-modulated ESR spectra of
DEPMPO/OOH conformers showed a significant
effect of conformational exchange on the apparent
hyperfine couplings of the respective B-protons: afl =
10.6 and 12.0G (4°C), = 10.6 G and 11.4 G (23°C)
and = 11.1 and =10.9G (60°C) where the fast
exchange limit is approached and the two B-proton
hyperfine couplings are nearly equal.

These findings imply that while conformational
exchange does indeed affect the ESR spectrum of
DEPMPO/OOH, it is nevertheless unrelated to the
superhyperfine structure. Therefore, we hypothesized
that the six-line ESR spectrum with superhyperfine
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A DMPO/+O0H spectrum at 4°C

Simulated spectrum with
life time of 10 uS

C DMPC/"0O0H spectrum at 23°C

Simulated spactrum with
life time of 0.1 nS

E DMPO/*OOH spectrum at 87°C

Simulated spectrum with
life time of 0.001 p§

Figure 2. Computer simulations of ESR spectra of DMPO/OOH
radical adduct using modified Block equation method. (A)
Experimental ESR spectrum of DMPO/OOH acquired at 4°C.
(B) Simulated spectrum with lifetime of 10 ps. (C) Experimental
ESR spectrum of DMPO/OOH acquired at 23°C. (D) Simulated
spectrum with lifetime of 0.1 ps. (E) Experimental ESR spectrum of
DMPO/OOH acquired at 67°C. (F) Simulated spectrum with
lifetime of 0.001 ps. Two conformers of DMPO/OOH with the
following parameters were used to simulate the spectra: (1)
a™=14.14G, aj = 10.90G and @} = 1.38G; (2) a™ = 14.14G,
aj =11.83G and aff = 0.88G.

structure can be assigned to a superoxide-derived
decomposition product of DEPMPO.

Formation of DEPMPO radical adducts in xanthine
oxidase superoxide-generating system

When DEPMPO radical adducts were formed in a
xanthine/xanthine oxidase superoxide-generating sys-
tem and scanned at a modulation amplitude of 1.0 G,
a typical ESR spectrum showed a number of
structureless lines with a linewidth of approximately
one gauss (Figure 4A). When the modulation
amplitude was decreased to 0.2 G, superhyperfine
structure appeared in a number of the broad lines
(Figure 4B). A consecutive scan showed a similar ESR

spectrum with slightly smaller intensity (Figure 4C).
Subtraction of spectrum C from spectrum B revealed
an ESR spectrum consisting of 6 lines with super-
hyperfine structure (Figure 4D). Formation of all
these radical adducts was totally inhibited by super-
oxide dismutase (Figure 4E).

In order to make sure that the result of subtraction
(Figure 4D) was not an artifact due to narrow ESR
lines, we repeated this experiment at modulation
amplitude 1.0 G (Figure 5). In consecutive scans, the
ESR intensity of the DEPMPO radical adducts slowly
decayed (Figure 5A-C). A difference spectrum
between two consecutive ESR scans revealed an ESR
spectrum consisting of 6 lines (Figure 5D) similar to
the one observed at low modulation amplitude
(Figure 5D) but without the superhyperfine structure
because of the overmodulation of the ESR spectra. We
propose that this 6-line ESR spectrum with super-
hyperfine structure belongs to a superoxide-derived
decomposition product, DEPMPO/Xoom.

The molecule DEPMPO/OOH has two chiral
centers at the 2nd and 5th positions which produce
two chemically distinguishable diastereomers with
broad-line ESR spectra. We successfully simulated the
experimental spectrum (Figure 6B) using two
conformers of the first diastereomer, DEPMPO/
‘OOH (39% DEPMPO/OOH'"! and 34% DEPM-
PO/'OOHlfz); the second diastereomer, 15%
DEPMPO/OOH; 2% DEPMPO/OH; 3% carbon-
centered radical adduct, DEPMPO/CR3; and the
decomposition product, 7% DEPMPO/Xoowu
(Figure 6, Table I). We suggest that the ESR spectrum
previously assigned to DEPMPO/OOH consists of
two diastereomers of DEPMPO/OOH plus the
decomposition product DEPMPO/X ooy and should
be simulated as the sum of 4 species (Figure 6). In
order to test this hypothesis, we synthesized an
identical DEPMPO-derived species containing super-
hyperfine structure using nucleophilic addition
[18,19].

Nucleophilic synthesis of DEPMPO radical adducts

We used a nucleophilic addition technique previously
described for DMPO [18,19] to synthesize
DEPMPO-derived radical adducts (Scheme 2).
Remarkably, this nucleophilic addition was able to
produce a species with the identical ESR super-
hyperfine structure as was observed in DEPMPO/
‘OOH (Figure 6). Computer simulation of the ESR
spectrum of this species revealed hyperfine coupling
constants for phosphorous (38.9@G), nitrogen
(13.1G) and 6y—protons (Table I, Figures 4D, 6F
and 7C and D). Formation of this species by
nucleophilic addition to DEPMPO supports the
conclusion that DEPMPO/Xoon formed in the
xanthine oxidase system is a decomposition product
of DEPMPO/OOH.

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/29/11

For personal use only.

830 S. Dikalov et al.

Poer

XO+X+DEPMPO at 4°C
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Figure 3.

ESR spectra of DEPMPO radical adducts aquired in slow-flow experiments formed by a superoxide-generating system over a

temperature range. (A) ESR spectrum of sample obtained by mixing 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine at
0.2 ml/min flow at 4°C. (B) ESR spectrum of sample obtained by mixing 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine
at 0.2 ml/min flow at 23°C. (C) ESR spectrum of sample obtained by mixing 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM
xanthine at 0.5 ml/min flow at 57°C. (D) Components of ESR spectrum (A, 4°C) indicated by arrows. (E) Components of ESR spectrum
(B, 23°C) indicated by arrows. (H) Components of ESR spectrum (C, 57°C) indicated by arrows.

Nucleophilic synthesis of DMPO and M4PO radical
adducts

Superhyperfine structure in the ESR spectra has
previously been reported for radical adducts of
decomposition products derived from the spin-trap
DMPO as a result of nucleophilic addition of water in
the presence of H,O, [19]. Therefore, in order to clarify
the structure of the decomposition product
DEPMPO/Xoon, we synthesized radical adducts of

the similar spin-traps DMPO and M4PO (Scheme 1) by
addition of water (Scheme 2). Nucleophilic synthesis
with DMPO revealed a species with superhyperfine
structure in the ESR spectrum (Figure 8) previously
assigned as DMPO/(OH), [19]. This DMPO-derived
species has no B-proton, and the superhyperfine
structure can be simulated by hyperfine coupling
constants from three y-protons, 0.8, 1.14 and 2.32 G.
The spin-trap M4PO has a chemical structure
similar to DEPMPO and DMPO, with two methyl

XO+X+DEPMP(Q, 1 G modulation

XO+X+DEPMPO, 0.2 G modulation

XO+X+DEPMPO, second scan

D M B-C

E

XO+X+SOD+DEPMPO

AR A, At A P e 0 ot A A bl el ™t Oy

20 G .

Figure 4. Formation of DEPMPO radical adducts in xanthine oxidase superoxide-generating system. (A) ESR spectrum of 50 mM DEPMPO,
10 mU/ml xanthine oxidase and 0.5 mM xanthine scanned at modulation amplitude 1 G. (B) ESR spectrum of 50 mM DEPMPO, 10 mU/ml
xanthine oxidase and 0.5 mM xanthine scanned at modulation amplitude 0.2 G. (C) Same as (B) but 5 min later. (D) Subtraction of spectrum (C)
from spectrum (B). (E) ESR spectrum of 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine plus 50 U/ml SOD.
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XO+X+DEPM PO
15 scan

XO+HX+DEPM PO
3rd scan

C XO+X+DEPMPO, 5" scan

D A—-L3:B
15G

—

Figure 5.

ESR spectra of DEPMPO radical adducts in superoxide generating system with modulation 1 G. (A) ESR spectrum of 50 mM

DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine scanned at modulation amplitude 1 G. (B) Same as (A) but two scans later.
(C) Same as (B) but four scans later. (D) Subtraction of spectrum (B) (times 1.3) from spectrum (A).

groups substituted for the +y-protons at the 3rd
position (Scheme 1). Nucleophilic synthesis with
Fe’t (Scheme 3) produced an M4PO/OH radical
adduct (Figure 9A and B: aN=15.24G and
aI[:I = 16.63 G). In the presence of 10 mM FeCl; and
100 mM H,0,, M4PO formed a nitroxide with a very
small nitrogen hyperfine coupling constant of 6.90 G,
which was assigned as M4POX (Figure 9C and D).

Nucleophilic addition with a higher concentration of
MA4PO revealed a new species that had no B-proton and
no superhyperfine structure. It had a nitrogen
hyperfine coupling constant of 17.72 G, much higher
than the nitrogen coupling constant of the DMPO-
derived species with superhyperfine structure in the
ESR spectrum. Therefore, nucleophilic synthesis gave
different products for DMPO and M4PO. This

XO+X+DEPMPO

Simulation of A

15t conformer DEPMP O/ O0OH!

C

D 2" conformer DEPMPO/"QOH’

- 2m diastereomer DEPMPO/~OOH?

. DEPMPO/*X

K m "‘M\r "%r m W QOH

G DEPMPOG/"OH
— —\ — —— —\ —\ ——

H DEPMPO/"CR,

15 (5

Figure 6. Computer analysis of DEPMPO radical adducts formed in superoxide-generating system. (A) ESR spectrum of sample obtained
by mixing of 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine at slow flow (0.2 ml/min) and scanned at modulation
amplitude 0.2 G. (B) Composite computer simulation of spectrum (A). (C) Computer simulation of the ESR spectrum of the first conformer
of the first diastereomer of DEPMPO/OOH in spectrum (A). (D) Computer simulation of the ESR spectrum of the second conformer of the
first diastereomer of DEPMPO/OOH in spectrum (A). (E) Computer simulation of the ESR spectrum of the second diasterecomer of
DEPMPO/OOH in spectrum (A). (F) Computer simulation of the ESR spectrum of decomposition product DEPMPO/X ooy in spectrum
(A). (G) Computer simulation of the ESR spectrum of DEPMPO/OH in spectrum (A). (H) Computer simulation of the ESR spectrum of
carbon-centered radical adduct DEPMPO/CR; in spectrum (A).
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Table I. Hyperfine coupling constants of DEPMPO radical adducts (G).

Radical adduct N Hg Hcn, H] H} H? H] Ip 70
DEPMPO/OH 13.97 13.11 46.50 4.07
13.98 13.12 47.64 4.08
DEPMPO/OOH! conformers 13.12 10.57 0.74 49.40 5.12
13.12 11.42 0.76 50.58 4.86
DEPMPO/OOH? 13.40 9.81 1.50 40.47
DEPMPO/Xoon 13.09 - 0.45 0.98 - 0.86 0.42 38.98

difference is likely to be associated with the absence of
v-protons at the 3rd position in the structure of M4PO.
Thus, y- protons at the 3rd position are likely to be
involved in the formation of the decomposition
product DEPMPO/Xoon.

Analysis of ESR spectrum of isotope-labeled
DEPMPO/'OOH

Isotopic substitution is a very useful technique for the
correct assignment of radical adducts, helping to
distinguish alkoxyl and peroxyl radical adducts as well

as facilitating correct assignment of hyperfine coupling
constants [20]. We used H3’O to synthesize DEPM-
PO/’ OH by nucleophilic addition and 'O, to
generate the DEPMPO/!’OOH radical adduct with
the xanthine oxidase system.

DEPMPO/®OH can be formed by the nucleophilic
addition of water to DEPMPO (Figure 10A). When
isotope-labeled water, H3’O (45%), was substituted,
the resulting ESR spectrum consisted of 45% DEPM-
PO/'"OH and 55% DEPMPO/'°OH (Figure 10B
and C). The DEPMPO/'°OH (Figure 10A) com-
ponent (55%) was subtracted from the composite

DMPO DMPO/-OH
H.Q, Fe' H Fe'
/ —— — H
T+ T OH ~on
a o (I).
l 202
I+
3+ e
Hzoz; Fe DMPO-OH
HO; H,0,Fe
OOH z OH
) OH >
N~ OH N y~ OH
O- o CH
DMPO-OH/*O0H
l lFe3+
OH
N
N~ OH |
I o
O-
DMPO/X oy, l

L

O
DMPOX

Scheme 2. Synthesis of the DMPO radical adducts by nucleophilic addition of water to DMPO.
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A
B
200G
—_—

Fe¥ + DEPMPO+IL,0,

XO+X+DEPMPO

l Fe+DEPMPO
+H,0,

XO+X+DEPMPO

Figure 7. ESR spectra of DEPMPO radical adducts formed in xanthine oxidase system and by nucleophilic addition of water in the presence
of H,O,. (A) ESR spectrum of water solution of 50 mM DEPMPO with 0.5 mM FeCls in the presence of 50 mM H,0,. (B) ESR spectrum of
sample obtained by mixing 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5 mM xanthine at 0.2 ml/min flow. (C) Components of ESR
spectrum (A) indicated by arrows. (D) Components of ESR spectrum (B) overlaid with spectrum (A) indicated by arrows.

spectrum (Figure 10B) to reveal the DEPMPO/'’OH
radical adduct (Figure 11D and E). The hyperfine
coupling constant for '’O in DEPMPO/*’OH was
4.07 G (Table I).

j\/ DMPO + Fe* + 1,0
DMPO+Fe" +H,0+H,0,

Simulation of B

-

DMPO/X component of simulation C

DMPO/OH component of simulation C

10G

Figure 8. Synthesis of DMPO-derived nitroxides with hyperfine
structure in the ESR spectrum. (A) ESR spectrum of water solution
of 50 mM DMPO with 0.5 mM FeCls. (B) ESR spectrum of water
solution of 50 mM DMPO with 0.1 mM FeCl; in the presence of
50mM H,0,. (C) Composite computer simulation of spectrum
(B). (D) Computer simulation of the ESR spectrum of the DMPO-
derived decomposition product. (E) Computer simulation of the
ESR spectrum of DEPMPO/OH in spectrum (B).

When the xanthine oxidase superoxide-generating
system was run with '7O,, the ESR spectrum
exhibited a hyperfine coupling constant from '7O
(Figure 11A). This experimental ESR spectrum could

100 mM M4PO + 0.5 mM Fe'' + 1,0

sy —,
Simulation of A, M4TO/OI1

S0 mM M4PO + 10 mM Fe?'+ H,O + 100 mM H,0,

D W[ Simulation of C, M4POX

200 mM M4PO + 10 mM Fe™"+ H,0 + 200 mM H,O,
¥ " [‘ /\[_’S\i—mulation of E
MAPOSX component of E
- A
15

l—Gl

Figure 9. Synthesis of M4PO-derived nitroxides by nucleophilic
addition. (A) ESR spectrum of water solution of 50 mM M4PO with
0.5 mM FeCls. (B) Computer simulation of spectrum (A). (C) ESR
spectrum of water solution of 50 mM M4PO with 10 mM FeCl; in
the presence of 100mM H,0,. (D) Computer simulation of
spectrum (C). (E) ESR spectrum of water solution of 200 mM
M4PO with 10 mM FeCl; in the presence of 200 mM H,0,. (F)
Composite computer simulation of spectrum (E). (G) Computer
simulation of the ESR spectrum of M4PO-derived decomposition
product.
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DEPMPO DEPMPO-OH

(EtO),(O)P H (EtO),(O)P

T OOH T’f

O- o

‘l HO,
o)

(Et0),{O)P " (EtO).(Q)P " OOH

T OH T OH

O- (o]

DEPMPO/X oy, DEPMPOQ-OH/'QOH

Scheme 3. Proposed scheme of decomposition of DEPMPO-superoxide radical adduct.

be simulated as a combination of two conformers
of DEPMPO/'’OOH and two conformers of
DEPMPO/'®O0OH (Figure 11B-F). Interestingly,
despite numerous attempts we never observed ESR
spectra with 7O, superhyperfine structure and,
therefore, the 7O spectra can be simulated without
the decomposition product DEPMPO/Xpoy. The
70 hyperfine-coupling constants of conformers of
DEPMPO/'"O0OH were 4.86G and 5.14G, quite
distinct from those of DEPMPO/'’OH (Table I).

Discussion

Unfortunately, the interpretation of ESR spectra of
DEPMPO radical adducts is difficult. The spectra are
complicated by the presence of diasterecomers and may

be obscured by the presence of additional radical
adducts.

We have shown how to exploit the difference in
stability of the radical adducts to separate specific
radical adducts by subtracting consecutive ESR spectra.
We have also demonstrated that the hyperfine structure
present in the ESR spectra of DEPMPO superoxide
radical adducts is the product of decomposition of the
superoxide radical adducts. Formation of these
decomposition products was confirmed by temperature
independence (Figures 1-3), subtraction of ESR
spectra (Figures 4 and 5), nucleophilic synthesis
of DMPO and M4PO analogs (Figures 7-9) and
7O-labeling (Figures 10 and 11).

The mechanism of formation of these decompo-
sition products is not clear. The similarity of the

DEPMPO + H,O + Fe3-

DEPMPO + ILO" (45%) + Fe*

W
C

B — 0.55:A
"—J\/\/\/\/\/\/\«\/\/\I\IWWW\/\N\/\/\/\/\/W-

Com puter simulation of D
M\AA/\N\/\/\/\/\MMW\/\/\A/\/\[\W
15G

Figure 10. Analysis of ESR spectrum of DEPMPO/!?OH radical adduct. (A) ESR spectrum of N,-bubbled H,O solution of 50 mM
DEPMPO with 0.2 mM FeCls. (B) ESR spectrum of N,-bubbled HA?O (45-atom %) solution of 50 mM DEPMPO with 0.2 mM FeCls. (C)
Composite computer simulation of spectrum (B). (D) ESR spectrum obtained by the subtraction of spectrum (A) from spectrum (B). (E)

Composite computer simulation of spectrum (D).
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F

XO+X+DEPMPO+70,

Simulation of A

DEPMPO/"QOH

DEPMPO/OOH -

DEPMPO/“OOH!!
e A e A e e\ e N\ e e

DEPMPQO/'*QOH"2
N\

N e N N e N

G
—y

T S

Figure 11. Computer analysis of DEPMPO radical adducts formed in "O-labeled superoxide-generating system. (A) ESR spectrum of
170,-bubbled (85-atom %) solution with 50 mM DEPMPO, 10 mU/ml xanthine oxidase and 0.5mM xanthine scanned at modulation
amplitude 0.2 G. (B) Composite computer simulation of spectrum (A). (C) Computer simulation of the ESR spectrum of the first conformer
of DEPMPO/'”O0OH in spectrum (A). (D) Computer simulation of the ESR spectrum of the second conformer of DEPMPO/'’OOH in
spectrum (A). (E) Computer simulation of the ESR spectrum of the first conformer of DEPMPO/'°0O0OH in spectrum (A). (F) Computer
simulation of the ESR spectrum of the second conformer of DEPMPO/®OOH in spectrum (A).

DEPMPO decomposition product with superhyper-
fine structure to the one from DMPO suggests
a common mechanism for both spin-traps. The
formation of a DMPO-derived nitroxide whose ESR
spectrum contains hyperfine structure has been
described by Makino et al. [19] who suggested that
the initial formation of the DMPO-OH nitrone
(Scheme 2) was followed by the addition of a second
hydroxyl radical, forming DMPO/(OH), as a final
product. However, this type of chemical structure is
generally very unstable and will be transformed to the
ketone form DMPOX, a stable nitroxide with a very
characteristic ESR spectrum. We found that under
varying experimental conditions, either the DMPO-
derived nitroxide with hyperfine structure or DMPOX
was formed. Therefore, these two products may be
formed by different mechanisms. DMPO-OH nitrone
could react with superoxide radical formed by the
oxidation of H,0, with Fe>", which would lead to the
formation of DMPO-OH/OOH. The absence of a
nitroxide product with superfine structure from
M4PO may suggest involvement of the proton at the
third position in the formation of an epoxy-derivative
during the decay of DMPO-OH/OOH radical adduct
(Scheme 2). This adduct has no B-proton and may
have hyperfine coupling from three y-protons at the
third and fourth positions (Figure 4D).

Recently, it was reported that DEPMPO-OH
nitrone is one of the major products of DEPMPO/
‘OOH decomposition [21]. Therefore, we can suggest

formation of DEPMPO/Xpoy via DEPMPO-OH
nitrone similar to DMPO (Scheme 3). According to
this scheme, DEPMPO/X ooy can be a spin-trapping
product of a secondary nitrone formed during
decomposition of DEPMPO/OOH.

This paper also supports the presence of two
conformers of the DEPMPO/OOH radical adduct.
However, conformational exchange is not responsible
for the appearance of superhyperfine structure in
some lines as was previously suggested [8,9].
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