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The rates of reduction of the two amino-nitroxides, 3-amino-2,2,5,5-te-
tramethylpyrrolidine-1-oxyl (I) and 4-amino-2,2,6,6-tetramethylpiperidine-1-
oxyl (I) were compared. Reducing agents, f-mercaptoethanol and sodium
ascorbate, were freshly prepared in the presence of nitrogen or air, in a buff-
er consisting of 0.1 M Na-cacodylate, 0.01 M NaCl, pH 7.

Similar functions of the ESR signal decrease with time were detected for
I and IT with both reducing agents under nitrogen when the ratio of nitroxide
molarity versus reducing agent molarity was kept the same for a given set
of experiments. However, a significant difference in the ESR signal decrease
with time was observed between I and I with ascorbate in the presence of
air. Reproducible time dependence of the ESR signal decay required the use
of freshly prepared reducing solutions.

Our results strongly suggest that at least amino substituted five and six-
membered ring nitroxides oxidize electron donors at the same rate. The ap-
parent greater stability of I versus II seems to be due to the slower reoxida-
tion rate of the hydroxylamine of II as compared to the hydroxylamine of I.
Thus, under in vivo conditions, I and IT will become ESR silent at the same
rate unless the tissue is not under anaerobic conditions.

INTRODUCTION

Stable nitroxide free radicals have been used extensively as spin labels in the stud
of molecular transport in membranes, in tissue homogenates,l'8 in vivo ESR studies’’!
and recently as contrast-enhancing agents for nuclear magnetic resonance imaging
(MRD).H

These nitroxides are known to be reduced by thiols, ascorbate and cell cultures.
The hydroxylamines that result from such reduction are good electron donors for mild
oxidants. Studies of nitroxide reduction by ascorbate and tissue homogenates have sug-
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gested that five-membered ring nitroxides are substantially more resistant towards re-
duction than six-membered ring nitroxides. The influence of oxygen on the ascorbate
spin probe reaction was described'? and an important role of the superoxide radical
in the reoxidation of hydroxylamine was sugg(:ste(l.12’13 However, the interplay be-
tween the ring structure, reducing mechanisms and the oxygen in the reaction of ni-
troxides with reducing agents is not well understood.

In this communication, we have compared the reduction rates of the amino-nitro-
xides I and II with a freshly prepared B-mercaptoethanol and sodium ascorbate in the
presence of air or nitrogen.

EXPERIMENTAL

3-amino-2,2,5,5-tetramethylpyrrolidine-N-oxyl (I) (Kodak) and 4-amino-2,2,6,6-tetramethyl-
piperidine-N-oxyl (II) (Aldrich) were used without further purification. The reducing agents, B-
mercaptoethanol (Sigma) and sodium salt of L-ascorbic acid (Sigma) were used as such. For all
measurements, a buffer consisting of 0.1 M Na-cacodylate, 0.01 M NaCl, at pH 7, with or without
EDTA, was used. Solutions of both reducing agents, ascorbate and S-mercaptoethanol in buffer
were prepared immediately before the ESR measurements. The ESR spectra were recorded with
a BRUKER ESP-300 spectrometer.

For anaerobic conditions, the buffer was bubbled with nitrogen for about 10 hours. The se-
lected reactant concentrations were then prepared and additionally blown with nitrogen for about
a minute. The ESR signal decrease with time of nitroxides was measured by determining the
ratio of the amplitude of one nitroxide line and one manganese marker line. The ESR signal de-
crease with time was represented as percent of the ESR signal left. 100 % of the ESR signal
was obtained by addition of an equivalent volume of buffer instead of reducing agent.

RESULTS

Reaction with -Mercaptoethanol

Figure 1 shows the ESR signal decrease with time of spin label I in the presence
of various excesses of -mercaptoethanol in the air.

Under anaerobic conditions, the ESR signal decrease with time was faster, as it
is shown in Figures 2 and 3. 8-Mercaptoethanol was used in an 100% excess, which
gave pseudo first order rates under anaerobic conditions. The rate of the ESR signal
decrease with time was significantly dependent on the age of the S-mercaptoethanol
dilution with buffer (Figure 2), in buffers with and without EDTA.

Within the experimental error, there is no difference in the function of the ESR
signal decrease with time for five (I) and six-membered ring (II) nitroxides, i.e. both
spin labels show a much faster ESR signal decrease with time under anaerobic condi-

tions (Figure 3) than under aerobic conditions (Figure 4). Thus, oxygen has the effect
of similarly slowing down the reduction rates of both spin labels.

Reaction with Sodium Ascorbate

For all measurements 100 fold excess of sodium ascorbate over nitroxide was used.

In Figure 5 the ESR signal decrease with time of the spin label I is compared with
that of spin label II in air. A significantly faster decrease of the ESR signal with time
was observed for the six-membered than for the five-membered ring nitroxide.

On the other hand, if the reaction was performed under anaerobic conditions, i.e.
in the presence of nitrogen, the decrease of ESR signal with time was equally fast for
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TABLE I

Half-life, t12, (seconds) of the ESR signal of nitroxides in the reaction with reducing agents

nitroxide
reducing agent five-membered ring (I) six-membered ring (1)
02 N2 02 N2
B-mercaptoethanol 3600 1080-1800 3600 1080-1800
sodium ascorbate 120-300 <5 <10 <5
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Figure 1. ESR signal decrease as a function of time for the five-membered ring nitroxide () in
the reaction with 8-mercaptoethanol in the presence of air: x — 10% excess of f-mercaptoethanol;
A — 100% excess of B-mercaptoethanol; o — 1000% excess of S-mercaptoethanol.

both spin labels. Under nitrogen, the ESR signal decrease with time was so fast that
the results were collected in the time sweep mode. For this purpose, the magnetic field
was positioned on the low field line at the signal maximum, and 60 seconds time swe-
eps were carried out. The time interval between the addition of the ascorbate to ni-
troxide and the start of the collection of the data was typically 13 seconds.

In Figure 6a, the ESR signal decrease with time of the five-membered ring (I) is
shown and Figure 6b displays the data for the six-membered ring (II).

Table I shows half-life (#1/2) values of the ESR signal for nitroxides in the reaction

with both reducing agents. t1/2 is defined as the time required for the remaining 50%
of the ESR signal.
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Figure 2. ESR signal decrease as a function of time for the five-membered ring nitroxide (I) in
the reaction with 100% excess of B-mercaptoethanol over nitroxide concentration in the atmos-
phere of nitrogen. The B-mercaptoethanol solution in buffer was prepared immediately before
mixing — B; B-mercaptoethanol solution was two hours old - o.
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Figure 3. ESR signal decrease as a function of time for the five-membered ring nitroxide (I) -
B, and the six-membered ring nitroxide (II) — o, in the reaction of freshly prepared B-mercaptoe-
thanol (100% excess over nitroxide concentration) in a nitrogen atmosphere.
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Figure 4. ESR signal decrease as a function of time for the five-membered ring nitroxide (I) — x
and + ; and the six-membered ring nitroxide (II) - A and o ; in the reaction with freshly prepared
B-mercaptoethanol (100% excess over nitroxide concentration) in air. For each nitroxide, two ex-
periments are shown in order to differentiate the experimental error from the difference between
the reactions of five- and six-membered ring nitroxides.
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Figure 5. ESR signal decrease as a function of time of the five-membered ring nitroxide — o; and
of the six-membered ring nitroxide (II) — A in the reaction with sodium ascorbate (100% excess
of ascorbate over the nitroxide concentration) in air.
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Figure 6. A.) ESR signal decrease as a function of time of the five-membered ring nitroxide (I),
107° M, in the reaction with sodium ascorbate, 107> M, in a nitrogen atmesphere. B.) ESR signal
decrease as a function of time of the six-membered ring nitroxide (II), 102 M, in the reaction
with sodium ascorbate, 1078 M, in a nitrogen atmosphere.

DISCUSSION

Numerous results reported in the literature suggested that the five-membered ring
nitroxides were more resistant towards reduction by —SH reducing agents, ascorbate
and tissue homogenates, 15 and oxygen was found to slow down the reduction rates
of nitroxides.” Also, the reaction of hydroxylamine with oxygen was described,'® and
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it was proposed that it could be used for the production of superoxide ion with the
production of nitroxide radical.

We have reexamined the reaction of amino-derivatives of six- and five-membered
ring nitroxides with sodium ascorbate and with B-mercaptoethanol in the presence of
air and in the presence of nitrogen, i.e. under oxygen devoid conditions. If the reac-
tions are carried out under oxygen devoid conditions, there is no difference in the rates
of reduction of amino-substituted five- and six-membered ring nitroxides with both re-
ducing agents. This is in accordance with the results reported by Schara and coworkers
for oxazolidine and piperidine nitroxides,'® and with the identical half-wave reduction
potentials of five- and six-membered ring nitroxides.

With ascorbate, the presence of air had a profound effect on slowing down the ESR
signal decay of the five-membered ring nitroxide. However, no such effect was obser-
ved with the six-membered ring nitroxide.

Most of the literature data on nitroxide reaction with ascorbate were obtained in
the presence of air. 118 1t is well known that ascorbyl radical is effective in lipid pe-
roxidation!? i.e. it reacts with Og2 to produce Og™, the superoxide radical. Reaction of Og~
radical with nitroxide depends on the ratio of the rates: rate of nitroxide reduction to h%/-
droxylamine and the rate of the oxidation of corresponding hydroxylamine to nitroxide. 0
It was found recently2 O that six-membered ring nitroxides react with superoxide radical
about two orders of magnitude faster than the corresponding five-membered ring nitroxi-
des. This is in accordance with the finding that the five-membered ring hydroxylamine is
oxidized by air ten times faster than the six-membered ring hydroxylamine. ! Our results
suggest that the apparent »resistance« of the five membered ring nitroxides towards ESR
signal loss has its origin in the reaction of the resulting hydroxylamine with O2". In the
case of the six membered ring hydroxylamine, this reaction is less efficient. g-Mercapto-
ethanol is a weaker reducing agent than ascorbate (Table I). Nitroxide mediated oxi-
dation of thiols to sulfonic acid was first described by Morrisett and Drot,22 and was
extensively studied later. 324 It was demonstrated that the simultancous presence of
027, thiol and nitroxide results in the reduction of the nitroxide to its corresponding hy-
droxylamine,25 i.e. the presence of thiols makes the reduction of nitroxides by supero-
xide radical a more effective process if superoxide and thiol concentrations are simi-
lar.”® This process is nitroxide specific as a consequence of the superoxide nitroxide
reaction specificity. In our experiments, superoxide radical could be formed in the au-
tooxidation of thiols in the presence of air. On the other hand, it was shown that au-
tooxidation of thiols is pH dependent and is an extremely inefficient process at pH 7,
even in the presence of 10 molar 02.24 Thus, under the conditions of our experiment,
the specificity of nitroxide reaction with superoxide radical in the presence of thiols
could not be observed. The presence of oxygen had equal effect on slowing down the
reaction with five- and six-membered ring nitroxides. Assuming the model proposed
by Schara and collaborators,13 i.e. that nitroxides act as mediators for the redox reac-
tions between reducing agent and oxygen, we propose that the redox process with a
half-life, ¢1/2, of about 60 minutes, at pH 7, between nitroxide, 8-mercaptoethanol and
oxygen does not express a catalytic activity difference between five- and six-membered
ring nitroxides. The »resistance« to the ESR signal loss of nitroxide in the presence
of oxygen seems to depend on the catalytic properties of nitroxide itself, but also on
the reaction specificities between the reducing agent and oxygen. Each redox system
has its reaction rate specificities, and the behaviour of one nitroxide in one redox sy-
stem may be different in another redox system.

In summary, under pseudo-first order reaction conditions, a five-membered ring

nitroxide can display an apparently greater stability than a six membered ring nitro-
xide in certain coupled redox systems, such as ascorbate and oxygen.



8 V. NOTHIG-LASLO AND A.M. BOBST

Acknowledgement. The work was supported by NIH grant PN 757 and in part by NIH grant
GM 27002.

REFERENCES

R. Couet, R. C. Brasch, G. Sosnovsky, and T. N. Tozer, Mag. Res. Imaging 3 (1985) 83.

M. Swartz, K. Chen, M. Sentjurc, and P. D. Morse II, Mag. Reson. Med. 3 (1986) 169.

Kveder, M. Sentjurc, and M. Schara, Mag. Reson. Med. 8 (1988) 241.

Sentjurc, P.D. Morse II, and H. M. Swartz, Period. Biolog. 88 (1986) 202.

C. Chan, R.L. Magin, and H. M. Swartz, Mag. Reson. Med. 8 (1988) 160.

F. W. Keana, S. Pov, and M. Rosen, Mag. Reson. Med. 5 (1987) 525.

C. Chan, R. L. Magin, and H. M. Swartz, Mag. Reson. Med. 8 (1988) 160.

Federico, A. Iannone, H. C. Chan, and R. L. Magin, Mag. Reson. Med. 10 (1989) 418.

L. J. Berliner and X. Wan, Mag. Reson. Med. 9 (1989) 430.

10. G. Bacic, M. J. Nilges, R. L. Magin, T. Walczak, and H. M. Swartz, Mag. Reson. Med. 10 (1989) 266.

11. H. F. Bennett, R. D. Brown II, S. H. Koenig, and H. M. Swartz, Mag. Reson. Med. 4 (1987) 93.

12. T. Prelesnik, M. Nemec, S. Pecéar, M. Kveder, and M. Schara, Vestnik Slovenskega Kemijskega
Drustva 33 (1986) 153.

13. T. Prelesnik, F. Demsar, M. Nemec, S. Peéar, and M. Schara, Period. Biol. 88 (198G) 185.

14. T. Miyazawa, T. Endo, and M. Okawana, JJ. Org. Chem. 50 (1985) 5389.

15. S. Belkin, R. J. Mehlhorn, K. Hideg, O. Hankovsky, and L. Parker, Arch. Biochem. Biophys.
256 (1987) 232.

16. G. M. Rosen, E. J. Rauckman, and K. W. Hanck, Toxicol. Lett. 1 (1977) 71.

17. W. R. Couet, G. Sosnovsky, J. Lukszo, I. Prahash, R. C. Brasch, and T. N. Tozer, Tetrahedron
41 (1985) 1165.

18. W. R. Couet, U. G. Eriksson, T. N. Tozer, L. D. Tuck, G. E. Wesbey, D. Nitecki, and R. C.
Brasch, Pharm. Res. 1 (1984) 203.

19. W. Lohmann, Biophys. Struct. Mech. 10 (1984) 205.

20. A. Samuni, M. Krishna, J. B. Mitchell, C. R. Collins, and A. Russo, Free Rad. Res. Comm. 9
(1990) 241.

21. D. O. Nettleton, P. D. Morse II, and H. M. Swartz, Arch. Biochem. Biophys. 271 (1989) 414.

22. J. D. Morrisett and H. R. Drot, J. Biol. Chem. 244 (1969) 5083.

23. E. A. Lissa, M. A. Rubio, D. Araya, and G. Zanocco, Int. J. Chem. K12 (1980) 871.

24. H. P. Misra, J. Biol. Chem. 249 (1974) 2151.

25. E. Finkelstein, G. M. Rosen, and E. J. Rauckman, Biochim. Biophys. Acta 802 (1984) 90.

W.
H:
M.
M.
H.
d.

H.
M.

COR00RSY Gy OV I OB b b

SAZETAK
Ponovno ispitivanje oksidacijskih svojstava nitroksida
V. Nothig-Laslo i A. M. Bobst

Usporedivane su brzine redukcije dvaju amino-nitroksida, 3-amino-2,2,5,5-tetrametilpiroli-
dine-1-oksil (I) i 4-amino-2,2,6,6-tetrametilpiperidine-1-oksil (II). Upotrijebljeni su redukcijski
agensi, svjeZe pripremljen S-merkaptoetanol ili natrij-askorbat u atmosferi dusika ili zraka, u pu-
feru 0.1 M Na-kakodilat, 0.01 M NaCl kod pH="7.

U atmosferi dusika odredene su sli¢ne funkcije opadanja ESR signala s vremenom za I i IT
s oba redukcijska agensa, za isti omjer koncentracije nitroksida prema redukcijskom agensu. Re-
producibilna ovisnost opadanja ESR signala s vremenom dobivena je upotrebom svjeZe priprem-
ljenih otopina reducensa.

Rezultati sugeriraju da amino-supstituirani nitroksidi u peteroélanom i u Sestero¢lanom
prstenu oksidiraju elektron-donore jednakom brzinom. Prividno veéa stabilnost I s obzirom na
IT ¢ini se da potje¢e od manje brzine reoksidacije hidroksilamina II u usporedbi s hidroksilami-
nom I. Zato u in vivo uvjetima treba ocekivati da ée I i II postati istom brzinom »ESR-uti$anic,
osim ako tkivo nije pod anaerobnim uvjetima.
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