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A new approach for EPR detection of hydroxyl radicals by
reaction with sterically hindered cyclic amines and oxygen
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Sterically hindered cyclic amines react with hydroxyl radicals in the presence of oxygen to yield stable
nitroxide radicals which can be detected by EPR. This reaction provides a nonconventional spin-trapping
tool for detection of hydroxyl radicals.
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1. INTRODUCTION

The possibility of identifying hydroxyl radicals
in living cells during various natural or
pathological metabolic processes by spin trapping
has been frequently suggested [1-3]. However, the
hydroxyl trapping by nitrones, specifically DMPO,
which is most frequently used for this purpose, is
plagued by chemical artifacts [4] and by the short
lifetime of the spin adduct in the biological milieu
due to the presence of a hydrogen atom at the a-
carbon atom of the nitroxide [5].

The oxidation of sterically hindered, a,a’-tetra-
substituted heterocyclic amines to nitroxide radical
by singlet molecular oxygen [6] has been suggested
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as a detection method for the latter species [7-9],
pending appropriate control tests. Many other
strong oxidants may produce the same radical.
Thus, oxidation of secondary amines by
hydroperoxides, peroxides and peracids is one of
the most important methods of preparing
disubstituted nitroxides aithough the course of this
reaction is not well known [10,11]. Nevertheless,
these cyclic amines were reported not to react with
hydroxyl radicals [12].

We found that a,a’-tetra-substituted cyclic
secondary amines react with hydroxyl radicals in
the presence of oxygen to yield stable nitroxide
radicals.

2. EXPERIMENTAL

Four amines were tested: 2,2,6,6-tetramethyl-
piperidine (TMP), 2,2,6,6-tetramethyl-4-amino-
piperidine (TMAP), 2,2,6,6-tetramethyl-4-piperi-
done (TMPone), and 2,2,6,6-tetramethyl-4-piperi-
dol (TMPol) (Aldrich). Before use, the amines
were purified by treatment with activated charcoal
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Fig.1. The chemical mechanism for generation of nitroxide radical by the reaction of TMPone with hydroxyl radical.

in aqueous solutions to remove the traces of
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y-irradiations were performed in a *Co source
(36 Gy/min). The EPR spectra were recorded with
a Varian E-9, X-band spectrometer. The concen-
trations of the nitroxide radicals generated in each
solution were determined by comparison with the
standard curve of signals vs known concentrations
of solutions of 3-carbamoyl-2,2,5,5-tetramethyl-3-
pyrrolin-1-yloxyl [13].

3. RESULTS AND DISCUSSION

The amines (10> M solutions in aerated water)

were reacted with radiolytically generated hydroxyl

radicals and the nitroxides formed were recorded
by EPR spectroscopy as 1:1:1 triplets (TMP,
TMAP and TMPol ay = 1.7 mT, TMPone an =
1.6 mT). The participation of hydroxyl radicals in
this oxidation was demonstrated by experiments
performed in the presence of the competitive
scavenger sodium formate (107! M, kou = 2.9 X
10° M~!'.s7! [14]). No nitroxide could be detected
in these experiments. Although cyclic amines are
oxidized to nitroxides by H>O, [9] and since the

nresence of sodium formate does not inhibit the
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formation of primary H>O, (G(H>0z) = 0.8 [14])
this negative result also indicates that the H»O»
formed radiolytically (dose 540 Gy, i.e. at least
43 gmol-dm~3 H,0,) does not generate detectable
radicals under our experimental conditions. Since
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~-Radiolysis in 51 atom % H,'’0
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sodium formate increases the formation of
superoxide radical anions, this experiment also
shows that this species does not react with the
amine. This conclusion was further supported by
reacting all these amines at room temperature with
KGs-saturated soiutions in dry dimethyi suifoxide.
Again, no paramagnetic signals could be detected.

W 1 1 1 rarriad +
When radiolysis of the amines were carried out

with oxygen-free, N,O-saturated solutions, keep-
ing all other conditions unchanged, no radicals
could be detected either. Since the reaction of N,O
with €4 doubles the number of hydroxyl radicals
generated in solution, this result demonstrates the
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Fig.3. The formation of TMPone N-oxide vs reaction

time. Initial amine concentration, 2 X 1072 M; H,0;

concentration, 3 X 1072 M; Aee = 220 nm (Schoeffel

1000 W high-pressure Hg-Xe lamp coupled with a

Schoeffel grating monochromator); solution temp-

erature, 21°C. The UV radiation was turned on 30 min
after mixing the 2 reagents.

additional requirement for molecular oxygen in
this oxidation. The chemical mechanism as ex-
emplified by TMPone is depicted in fig.1. The
relative contributions of the two pathways were
determined by irradiating a solution of TMPone in
H,!70 (51 atom% !0, Merck, Sharp & Dohme,
Montreal). The resulting spectrum is a superim-
position of two nitroxide radicals containing O'®
and O (fig.2). The '°0 radical consists of 3 lines
with an = 1.6 mT and the 'O (I = 5/2) labeled
radical of 8 lines (an = 1.6 mT, ao = 1.7 mT). This
8 line spectrum can be explained as due to nearly
equal values of an and ao which reduce the ex-
pected 18 lines to 8 due to overlap. This experimen-
tal spectrum was in good agreement with the
simulated spectrum using the above EPR
parameters. The ratio of the [!®O]nitroxide and the
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[*’O}nitroxide was calculated from an EPR spec-
trum (not shown) in which the !°O lines were
recorded in scale and found to be 90:1, after cor-
recting for the different multiplicities and for the
51% '70 labeling of the water. This ratio is pro-
portional to the occurrence of chemical routes (a)
and (b).

Since the radiation dose, the G value for hydrox-
yl generation (G(OH) = 2.7 [14]), and the amount
of nitroxide generated are known, the chemical
yield for nitroxide formation [nitroxide detected
(#mol) x 100/amount of OH' generated (umol)]
could be calculated. Thus, for a content of 1 zmel
amine, neutral pH, and 15 x 1072 zmol OH"
generated, the chemical yields were less than 1%
for TMP, TMPol, TMAP, and 19% for TMPone.
The higher efficiency of TMPone in forming
nitroxide points to amines substituted with
electron-withdrawing groups as favorite can-
didates for use as hydroxyl radical ‘spin traps’. As
expected, higher chemical yields were obtained for
a higher TMPone : OH' ratio, i.e. for solutions ex-
posed to lower radiation doses while all other
parameters were kept unchanged. Thus, for an
8-times lower dose, a chemical yield of 26% was
obtained. No pH effect in the range 6—7 was
observed for the formation of TMPone nitroxide.

Finally, it was noted that the conversion of
TMPone to nitroxide could also be carried out
with hydroxyl radicals generated by photolysis of
H;0; (fig.3). The formation of the nitroxide
radical prior to photolysis was not due to a Fenton
reaction by involvement of traces of Fe?*. This was
shown in a separate experiment in which the rate of
nitroxide formation in the dark was unaffected by
the presence of the chelating agent di-
ethylenetriaminepentaacetic acid (Aldrich)
(TMPone, 2 x 1072M; H;0;, 3 x 1072 M;
DETAPAGC, 2 x 10~* M). However, the nitroxide
can also be produced by the reaction with hydroxyl
radicals resulting from Fenton reagent. Thus, a
mixture of TMPone (2 x 1072 M), H,0, (6 x
10~2 My and FeSO4 (10> M) yielded, after a reac-
tion time of 5 min, 4-times more nitroxide than ia
the absence of FeSO,. ’

The chemistry for attaching sterically hindered
cyclic amines to hydrophobic tails is known, as
these compounds are the precursors of the cor-
responding spin labels. Thus, it seems likely that
the present reaction can be used as a probe for
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simultaneous detection of hydroxyl radical and
molecular oxygen during oxidative stress in cells or
during lipid oxidation in biological membranes.
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